The Performance of Sensitivity-Maps Method in
Reconstructing Low Contrast and Multi-Contrast
Objects for Microwave Imaging Applications

https://doi.org/10.3991/ijoe.v19i08.38665

Basari'?®?, Syahrul Ramdani'
"Biomedical Engineering, Department of Electrical Engineering, Faculty of Engineering,
Universitas Indonesia, West Java, Indonesia
*Research Center for Biomedical Engineering, Faculty of Engineering, Universitas Indonesia,
West Java, Indonesia
basyarie@eng.ui.ac.id

Abstract—The microwave imaging system for breast tumor/cancer detection
requires high sensitivity to detect abnormal tissue that has little contrast in
high-density breasts. This paper proposes a qualitative microwave imaging
system simulation based on inverse scattering using the sensitivity-maps method.
This method utilizes two measurement types for system calibration: a refer-
ence object as a scatterer-free background and a calibration object to obtain the
system’s impulse response. The object under test (OUT) consists of an object
with low dielectric contrast and a phantom with multiple low dielectric contrasts
(multi-contrast). Reconstruction is carried out on three types of S-parameter
measurement data, namely S |, S,,, and a combination of both. S-parameters are
measured at several frequencies, which are 3, 10, 14, 15, 16, 20 GHz, and the
combination of all those frequencies (multifrequency). Reconstructed images
show that the system is capable of reconstructing dielectric objects accurately.
Quantitatively, the results show that the multifrequency S, measurement yields
the best image quality with relative root mean squared error (RRMSE) values of
0.1272 and structural similarity index (SSIM) of 0.9076. The designed imaging
system also successfully reconstructs multi-contrast phantom accurately with
RRMSE of 0.1434 and SSIM of 0.46009.

Keywords—image reconstruction, inverse scattering, microwave imaging,
multifrequency imaging, sensitivity-maps

1 Introduction

Microwave imaging has been widely applied in various fields. Several fields are
of interest to researchers around the world, such as the military for detecting (remote
sensing) [1], security for revealing hidden weapons [2], and medical imaging for diag-
nosing tumor/breast cancer [3]. Breast cancer is one of the most common causes of
death for women worldwide. Early detection of breast cancer is necessary to get early
treatment and increase survival chances. Microwave imaging could potentially become
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a complementary modality to the current golden standard modalities for the early detec-
tion of breast cancer. Electromagnetic waves offer low-cost and low-risk advantages
due to their relatively inexpensive components and non-ionizing waves. However,
microwave imaging for the detection of breast cancer requires high sensitivity to detect
abnormal tissue at an early stage. High sensitivity is required because the dielectric
property of abnormal breast tissue has a small contrast compared to normal tissue in
high-density breasts [4], [S]. Furthermore, there are challenges in the application of
microwave imaging for medical purposes, such as penetration depth, resolution limit,
tissue heterogeneity, etc. [6]

In general, there are two image reconstruction methods in microwave imaging,
namely quantitative and qualitative [7]. In quantitative reconstruction, the recon-
structed image is the approximate value of the actual dielectric property as a function
of the position [8]. In contrast, qualitative reconstruction only provides information on
the magnitude’s distribution of the dielectric property, so it can only detect the position
and estimate the shape as well as the size of objects with contrasting dielectric prop-
erties relative to the surrounding object background [9]. Quantitative imaging focuses
on an iterative algorithm to solve the inverse problem accurately, so the reconstruction
process is often sensitive and time-consuming. Qualitative imaging does not aim to find
the exact dielectric value but instead detects the position and shape of the abnormal
object by using a simpler technique to reduce computation time.

Several qualitative reconstruction methods commonly used include microwave
holographic imaging [10]-[12], confocal imaging [13]-[15], and time-reversal imag-
ing [16]-[18]. These three methods can reconstruct the image in a relatively fast time.
However, these commonly used methods have low sensitivity to detect small contrast
differences and objects with a lot of contrast (multi-contrast). This paper aims to eval-
uate the performance of the sensitivity method [19], [20] in reconstructing low con-
trast and multi-contrast object qualitatively using the sensitivity method. This method
considers the scattering effect by using an incident field signal as a reference object
and a calibration object as a sensitivity parameter to calibrate the system. This method
also offers an easy reconstruction process because the inversion process is carried out
directly on the spatial domain, so the calculations are relatively simple and fast.

The reconstructed images are analyzed both qualitatively and quantitatively using
the relative root mean squared error (RRMSE) and structural similarity index (SSIM)
parameters. Analysis is carried out on variation of S-parameter measurements and mea-
surement frequency to evaluate the performance of the sensitivity-maps algorithm. In
addition, a phantom consisting of three objects with different permittivity contrasts and
shapes is also reconstructed to test the imaging system’s ability to detect multi-contrast
objects.

2 Sensitivity-maps method

Qualitative imaging using the sensitivity-maps method was first proposed in [19],
[20]. This method uses the S-parameter response in the frequency domain as data for
image reconstruction and utilizes special objects that serve as a calibration on the imag-
ing system. The S-parameter measurement of the calibration object acts as a sensitivity
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parameter that shows the S-parameter changes in the background medium when there
is a contrast that scatters the field. The reconstruction algorithm in this method is based
on the Fréchet derivative of the residual data, which can be seen in Equation (1), where
AR™ |é‘(r’)|:Rl_<"’) | é(r’)|— ]?l_(’”) and i is the antenna position index.

Ny dR™ ’
D(M) (rn,) = Zi:l ARl(m) ( d(fl" ] (1)

The reconstructed D™ is a function of position () on the nth voxel. This func-
tion is known as complex jacobian maps/sensitivity-maps/power maps. This function

R
describes the intensity of the scattering at that position. The component ( d;’ ] is

the S-parameter sensitivity or the change in response of the background medium when
disturbed in the form of different permittivity contrasts. This S-parameter sensitivity
serves as a system calibration on the sensitivity-maps method.

In this method, the S-parameter sensitivity is obtained by measuring three types of
objects, namely the reference object (RO), the calibration object (CO), and the object
under test (OUT). RO is an object that is used as a baseline for measurement. This
value is obtained by measuring the S-parameter when there is no scatterer object on
the background medium. §, ) shows the S-parameter magnitude as the incident field of
the antenna. CO is an RO inserted with a calibration object with a very small electrical
size. S, acts as a sensitivity parameter that shows the change in S-parameter when RO
(normal condition) is scattered by the calibration object. OUT represents the object of
interest that is going to be reconstructed. S, . shows the total S-parameter measure-
ment results of the object being tested. This parameter represents the total field of the
antenna. Illustrations of the three types of object measurements can be seen in Figure 1.
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Fig. 1. [llustration of three types of object measurements: (a) reference object (RO),
(b) calibration object (CO), and (c) object under test (OUT)

In terms of S-parameter, equation (1) can be rewritten into equation (2) [21], where

€=1.2,..., N, is the index of type S-parameter measurement (S

1 Sy €tC), ¥ is the

index of reconstructed pixels, and r, i = 1,2,..., N, is the position of the antenna during

1JOE — Vol. 19, No. 08, 2023

177



the i-th measurement. AS")  is the scattering part of the S, which is obtained by

©
subtracting the S, , from S, . as in Equation (3) [21]. The amount of measurement per-

formed for one frequency mis N, x N,.

) i) |
D)= Y Asm ()| —AL L )
et = our($) dé(}" )
AS our = Sour = Sro )
ds I(?’gzg‘) ) *
The S-parameter sensitivity W is derived into Equation (4) where AS,.,
r

is the scattering part of S, that can be calculated with Equation (5). Substituting
Equation (4) to Equation (2) and then normalizing it in respect to RO permittivity de,,,
the final reconstruction equation can be written as Equation (6).
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3 Simulation Setup

3.1 Data acquisition configuration and measurement frequency

A pair of antennas consisting of a transmitter and receiver is used to measure the
S-parameter as data to be reconstructed into an image. These antennas are positioned
to face each other with a certain distance between them, where the object under test is
placed in the middle. The data acquisition pattern used is a planar raster scan in which
the Tx-Rx antennas pair are simultaneously translated in the x-axis direction with a
certain step distance until they reach the end of the imaging area. Next, the antennas
pair will move in the y-axis direction with the same step and repeat the scanning pro-
cess in the x-axis direction. The receiving antenna measures the S-parameter at each
translational position until covering the entire imaging area. The data acquisition con-
figuration used for all objects is illustrated in Figure 2.

In microwave imaging, measurement frequency is an important parameter that must
be considered. The scattering characteristic of microwave depends on the ratio of the
wavelength to the scatterer object’s electrical size. Object with a much smaller size than
the measurement wavelength will make the wave penetrates through the object without
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any scattering and will not be detected by the receiving antenna. On the other hand,
a much larger object will cause most of the incident wave to be reflected hence less
effective for the data acquisition configuration used. Ultrawideband (UWB) antenna
has been widely used due to its multifrequency capabilities [22]-[24]. Various wave-
lengths will provide various spatial information to produce an image with good detail
and contrast.

In this paper, the object scanned is designed to have a small size, with the longest
dimension being 10 mm, to imitate abnormal tissue in the breast. Therefore, several
measurement frequencies are sampled to determine the effect of wavelength on object
size. The measurement frequency range is 3—20 GHz, where it is then sampled into
3 GHz, 10 GHz, 14 GHz, 15 GHz, 16 GHz, and 20 GHz to find the optimal single
frequency. Based on the Nyquist rate theorem, the sampling frequency used must be
at least twice or greater than the highest frequency of the signal to be reconstructed to
obtain perfect reconstruction results [25]. Therefore, the translation step Ar, as the spa-
tial sampling was chosen at 10 mm where 16 GHz is chosen as the highest frequency
to test under sampling conditions at 20 GHz. The design of the antennas and all test
objects, as well as the data acquisition, are simulated on computer simulation technol-
ogy (CST) microwave studio software.

ary
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X
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Fig. 2. Data acquisition configuration for all objects: (a) top view and (b) front view

3.2  Dipole antenna design

A pair of dipole antennas are chosen as data acquisition sensors, where one antenna
acts as a transmitter and another as the receiver. Although the dipole antenna has a large
beamwidth for imaging applications, this type of antenna is simple to design and takes
significantly less time to simulate the scanning process. The dipole’s length L, gap
width G, and radius R can be changed to obtain the desired resonant frequency [26].
The final dimension of the dipole antenna for each frequency are shown in Table 1.
Each antenna has S, below -30 dB for each working frequency, indicating the antenna
could radiate the power with insignificant return loss.
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Table 1. The final dimension of dipole antenna for each measurement frequency

Dimension (mm)
Frequency (GHz)
Length (L) Gap Width (G) Radius (R)
3 47.15 0.2383 0.01
10 14.062 0.07 0.02
14 10.068 0.05 0.01
15 9.41 0.036 0.01
16 8.8108 0.04 0.01
20 7.028 0.035 0.01

3.3 Reference object (RO) design

A reference object (RO) is an object with a known relative permittivity as a reference
when no scatterer object is in it. The reference object used is air as the background
medium with a relative permittivity of ¢, = 1 + 0j. The reference object’s permittivity
value acts as the background in the image. In practice, the S-parameter measurement of
the RO must be carried out according to the data acquisition configuration. However,
the RO measurement in this setup is carried out in a simulation where no noise due
to external interference is present. Therefore, measurement in all positions will give
the same S-parameter result, so it is sufficient to measure once for each frequency when
the two antennas are arranged to face each other and separated by a certain distance. The
distance between the transmitting and receiving antennas is d = 5 cm. This is decided
based on the far-field region of the lowest frequency of 3 GHz. The configuration of
the RO measurement simulation can be seen in Figure 3. The S-Parameters measured
are S, and S,,.

Fig. 3. Configuration of S, , measurement simulation

3.4  Calibration object (CO) design

The Calibration Object (CO) is an RO with a small object inserted as a scatterer. The
S-parameter of CO (S ,,) measurement aims to observe the change in S, , when there is
another object with known permittivity contrast scatters the incident field. The scatterer
on the calibration object can be designed as a cube or a ball of a small size.
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A scatterer object used is a cube with a similar size as the sampling step and the pixel
size, which is 1 x 1 X 1 cm’. The relative permittivity of the object is Ag,, =1.1+0/, so
the permittivity contrast to the air background is 0.1. The configuration of the simulated
CO measurement is shown in Figure 4. The sensitivity-maps reconstruction algorithm
requires full 5, measurements to be performed on a small scatterer object when placed
on each voxel of the imaging. In the case of our configuration, the resulting image has a
size of 21 x 21 pixels hence there are 441 measurements for one position of the CO cube,
and 194,481 measurements are required to obtain the entire S, set. The requirement is
very time-consuming and impractical in either simulation or direct measurement.

Fortunately, the background medium/RO of the imaging system can be assumed to
be homogeneous over all (x,y) coordinates, so the number of S, measurements can be
drastically reduced. The measurement of S, is possible to be carried out once for each
frequency when the scatterer object is in the center of the imaging area. S, for the other
scatterer ‘objects’ position can be obtained by translating the coordinates of the initial
center CO measurements. The coordinate translation is performed by utilizing the shift
property of the two-dimensional Fourier transform. This technique is known as the 2D
Fourier shift.

Fig. 4. Configuration of S, measurement simulation

3.5 Object under test (OUT) design

Two types of objects are designed as an object under test (OUT). Those objects are
F-shaped dielectric with homogenous permittivity and phantom with three different
permittivity. The F-shaped dielectric object and its dimension can be seen in Figure Sa.
This object has a relative permittivity of ¢ ,, = 1.2 + 0j, so the permittivity contrast to
the air background is 0.2. In addition, a phantom is designed as an OUT to assess the
sensitivity of the imaging system in reconstructing multi-contrast objects. The phantom
has an elliptical base shape to mimic the shape of the breast. Next, additional square
and rectangular objects are inserted into the elliptical object to represent abnormal and
other normal tissue. Phantom design and configuration are shown in Figure 5b and
Table 2.
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Table 2. Multi-contrast phantom design configuration
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Fig. 5. Design of object under test (OUT): (a) F-shaped object and (b) multi-contrast phantom

4 Results

Image reconstruction is performed using MATLAB software. Numerical phantom
is created for the reference image. Their pixel size is adjusted to have identical shape
with reconstructed image. Qualitative analysis is conducted to evaluate the recon-
structed images by comparing the image’s shape, size, and position to the actual object.
Meanwhile, quantitative parameters relative root mean squared error (RRMSE) and
structural similarity index (SSIM) are used to assess further the effect of variations in
S-parameter measurement type and frequency on the quality of reconstructed images.
These parameters are calculated by comparing reconstructed image to reference numer-

ical phantom images.
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4.1 Reconstructed images of F-shaped object

Reconstructed images of F-shaped OUT for S-parameter measurement types S, S,
both combined are shown in Figures 6, 7, and 8, respectively. Figure 6 shows the recon-
structed images of S, measurement from the F-shaped object at each frequency. The
reconstructed images do not provide accurate information on the permittivity contrast
of objects at a frequency below 20 GHz. At a frequency of 20 GHz, the reconstructed
image has shown the appropriate shape, size, and position but the permittivity contrast
distribution is still uneven in the letter “F”".

Figure 7 shows the reconstructed images of S, measurement from F-shaped object
at each frequency. At a frequency of 3 GHz, the reconstructed image still does not
provide accurate information. At a frequency of 10 GHz, the reconstructed image has
started to show the shape of the letter “F”, but the size of the object does not match,
and it still resembles a scattering. The reconstructed image from a frequency of 14 GHz
gives a quite clear result, but the contrast distribution is also not evenly distributed. The
images from frequencies of 15 and 16 GHz give the best visual results where the shape,
size, and position of the object are accurate, as well as even permittivity distribution.
The reconstructed image at 20 GHz provides good contrast, but additional shapes are
detected in the background that can be mistaken as other objects. This can be caused by
under-sampling conditions because the measurement translation step does not meet the
Nyquist criteria at that frequency.

Figure 8 shows the reconstructed images by summing both S, . data at each fre-
quency. At frequencies of 3, 10, and 14 GHz, the summation makes the reconstructed
image qualitatively worse due to the long line in the S|, data. Meanwhile at frequencies
of 15, 16, and 20 GHz, the reconstructed images do not change significantly and only
change the contrast ratio between the object and the background.

Figure 9 shows the reconstructed images of the multifrequency measurement from
three types of data. Reconstructed image of S| data does not show the ‘object’s shape.
The reconstructed S, data have the best quality qualitatively. The image shows the
shape of the object with accurate size, position, good contrast with the background, and
an even distribution of permittivity. The results of multifrequency reconstruction for
the combined data also successfully show the shape of an object with accurate size and
position but with different contrast. The addition of S| makes vertical lines appear in
the background that resembles artifacts.
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Fig. 6. Reconstructed images of F-shaped dielectric from S, measurements at frequencies:
(a) 3 GHz, (b) 10 GHz, (c¢) 14 GHz, (d) 15 GHz, (e) 16 GHz, () 20 GHz

(d) | .(e)

Fig. 7. Reconstructed images of F-shaped dielectric from S, measurements at frequencies:
(a) 3 GHz, (b) 10 GHz, (¢) 14 GHz, (d) 15 GHz, (e) 16 GHz, (f) 20 GHz
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Fig. 8. Reconstructed images of F-shaped dielectric from combined S-parameter measurements
at frequencies: (a) 3 GHz, (b) 10 GHz, (c) 14 GHz, (d) 15 GHz, (e) 16 GHz, (f) 20 GHz

Fig. 9. Reconstructed images of F-shaped dielectric from reconstructed images for

multifrequency measurement types: (a) S, (b) S,, and (c) combined S, -

12

4.2  Image analysis of reconstructed F-shaped object

The RRMSE and SSIM calculation results for all types of S-Parameter measure-
ments at each frequency are listed in Table 3, and a graph of the comparison of the
S-Parameter types and the frequency of measurements to the RRMSE and SSIM of
the reconstructed image is shown in Figure 10. RRMSE calculation shows that S,
reconstructed images have much higher RRMSE than the other two types of data. This
indicates that S|, images have the largest error in pixel intensity. This result supports
the visual qualitative analysis where it does not represent the object accurately except
at the frequency of 20 GHz. The S, and combined S-parameters reconstructed images
have RRMSE differences that are not too significant where the two results alternately
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have the lowest value in the frequency range used. Overall S, gives the smallest aver-
age RRMSE for each frequency compared to other types of S-parameter measurements.

Table 3. RRMSE and SSIM of reconstructed F-shaped images

RRMSE SSIM
Frequency (GHz)
A\ S, Combined S, S, Combined
3 0.096 0.1177 0.1134 0.1107 —-0.1649 —-0.0206
10 0.3639 0.3622 0.2439 -0.2055 0.3912 0.1934
14 0.661 0.2801 0.3325 -0.0555 0.6122 0.4972
15 0.4589 0.2586 0.2149 —-0.173 0.7251 0.7637
16 0.6069 0.1729 0.2063 -0.1116 0.7418 0.7992
20 0.6696 0.1504 0.2226 0.3849 0.4834 0.6094
Multi-frequency 0.3391 0.1272 0.1473 -0.1117 0.9076 0.8854

If we look at the RRMSE results for each frequency, the 3 GHz frequency gives
the lowest RRMSE value. This shows that the object’s pixel intensity and background
contrast have a small error compared to the reference image even though visually, the
object is not detected at all at that frequency. Apart from the 3 GHz frequency, the
15 GHz frequency produces images with the smallest RRMSE average compared to
other frequencies. Overall, RRMSE does not give constant linear results for each fre-
quency. However, combining frequency lowers the RRMSE value, and multifrequency
images have the smallest average RRMSE compared to -frequency that successfully
detects objects.

vs RRMSE of
images for each S-parameter measurement type

q vs SSIM of
for each S-parameter measurement type

images

Frequency (GHz)
bl e e

0 “ 1% " 0
Frequency (GHz)

— AR —

Munbevens

(a)

(b)

Fig. 10. Comparison of S-parameter types and measurement frequency to: (a) RRMSE of
reconstructed image, (b) SSIM of the reconstructed image

Based on the SSIM calculation, the result of S|, reconstructed images have the low-
est SSIM for each frequency compared to the other two types of data. These results
show the lowest structural similarity compared to the reference image. This is also in
accordance with the visual qualitative analysis. Just like the RRMSE parameter, the S,
and combined S-parameter reconstructed images did not show a significant difference
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in SSIM. The two types alternately show the highest SSIM in the measurement fre-
quency range used. Overall, the reconstructed image with combined data has the high-
est average SSIM with a small margin to S,,.

Analyzing at each frequency, S|, reconstructed image does not give a conclusive
result. This can be seen in the negative SSIM value at five frequency points out of
seven measurement frequencies, which again supports the qualitative analysis. Mean-
while, both S, and combined S-parameter show an increase in the value of SSIM along
with the increase in frequency, although then SSIM decreases again at a frequency of
20 GHz. This decrease occurs due to other contrasts detected in the image caused by
under-sampling at that frequency where the spatial sampling used is already far below
the Nyquist criteria. The difference in the highest SSIM values between 10 and 14 GHz
frequencies with 15 and 16 GHz frequencies indicates that at 10 and 14 GHz frequen-
cies, S|, data does not contribute to improving image quality. However, at the frequency
of 15 and 16 GHz, S|, data contributes so that it increases the SSIM value.

From the entire single frequency range, the reconstructed image at a frequency of
16 GHz produces the highest SSIM value. Overall, the result of multifrequency recon-
struction of §,, have the highest SSIM value with a margin that is not too large from the
combined multifrequency data. However, the results of multifrequency reconstruction
of the combined data have the highest SSIM average. All image reconstruction results
show that the designed imaging system has accurately reconstructed dielectric objects
with small contrast.

4.3  Reconstructed images of multi-contrast phantom

The result of F-shaped reconstructed images indicates that a frequency of 16 GHz
offers optimal results in terms of qualitative and quantitative. Therefore, the simulation
of S-parameter measurements of the phantom is carried out at a frequency of 16 GHz.
The reconstructed image of multi-contrast phantom for each type of measurement data
is shown in Figure 11. Based on the reconstructed images, the S|, data is still not able to
provide information on the shape of the object like the previous F-shaped object. The
S, , reconstructed image successfully detects all the contrast in the phantom. The white
line as a reference can be seen in Figure 11b. Quantitative analysis is also carried out
by calculating the RRMSE and SSIM of the reconstructed images. The result of the
RRMSE and SSIM calculation from the reconstructed images for each image are listed
in Table 4.

The calculation of quantitative parameters shows that the S, reconstructed image
has the worst quality, with the highest RRMSE value and the lowest SSIM. This is in
accordance with the qualitative analysis where the phantom could not be detected on
the S|, measurement. Quantitative parameters show an increase in the quality from S,
and combined S-parameter reconstructed images. Overall, the result of the combined
S-parameter has the best RRMSE and SSIM. The SSIM value obtained is lower than
the previous F-shaped object reconstruction result. This can be caused by the lack of
measured spatial sampling, resulting in poor spatial resolution. In addition, errors in
modelling the phantom reference image also play a role in producing low SSIM values.
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Fig. 11. Reconstructed images of multi-contrast phantom for measurement types: (a) S,,, (b) S,
and (c) combined S,

12

Table 4. RRMSE and SSIM of reconstructed multi-contrast images

S-Parameter Type RRMSE SSIM
S, 0.4152 0.1405
S, 0.1507 0.391
Combined 0.1434 0.4609

5 Discussion

Two objects with different permittivity contrast are reconstructed using the sensi-
tivity method to evaluate its performance. The results are compared qualitatively and
quantitatively with the reference numerical phantom image. This study uses both S
and S, parameter simulation data for image reconstruction as well as combination of
both. The simulation is conducted in the sampled frequency of 3 — 16 GHz which the-
oretically will capture more information of the image.

The result shows that S| parameter data overall does not seem to give any meaning-
ful information for the reconstructed images. This is because S, represents the reflected
field back to the transmitter antenna. Meanwhile, S, gives the most contribution to the
shape of the object as it is the ratio between received field to transmitted field. However,
quantitative parameter calculation shows that combination of both S, and S, parameter
gives better reconstructed image which means both parameters carry information to
the overall object. From the frequency standpoint, the higher frequency gives better
spatial resolution and quantitative parameter. This agrees theoretically with the spatial

A
resolution of microwave imaging which is approximately Tb [21]. The highest fre-

quency 20 GHz has a wavelength of 14.99 mm which corresponds to spatial resolution
of 3.74 mm. The lower frequency 10 GHz gives poorer spatial resolution which can
be seen by its inability to reconstruct the width of the object accurately. The lowest
frequency 3 GHz does not even show any actual shape as its wavelength is too big
compared to object size so it will just pass through as if it sees nothing. However, like
the S-parameter, combining every frequency will give a better reconstructed image
because each frequency carries information which will contribute to overall image.
Hence, we can improve the spatial resolution even more by using antenna with a higher
bandwidth.
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The proposed sensitivity-maps method successfully reconstructed both F-shaped
phantom with low permittivity and multi-contrast phantom accurately. The reconstruc-
tion time is very fast because it’s calculated directly in spatial domain. The stripe-
like shape in the background is considered as artefact because it is undesired from the
reconstructed image and gives non-uniformity background as well as apodization. This
mainly appears because the dipole antenna used in this simulation has an omnidirec-
tional radiation pattern, which will give a very wide beam in vertical direction as shown
in the middle of the image. This should be removed by using another antenna with more
directional radiation in the future. Another consideration is the modelling error within
the simulation software which unfortunately cannot be eliminated.

Qualitative imaging is more widely used in the medicine field. The proposed
sensitivity-maps is one of qualitative imaging which can reconstruct images faster
than previously developed CT-based image reconstruction systems because it recon-
structs directly in spatial domain instead of on frequency domain like CT-based one.
The sensitivity-maps method also successfully detected a more complicated object with
multiple permittivity contrast where this is still difficult to achieve with CT-based meth-
ods. This study also shows better spatial resolution due to higher frequency and broader
frequency, as well as complex object with multiple contrast, and faster reconstruction
compared to other popular qualitative microwave imaging technique mentioned before
such as microwave holographic imaging [10]-[12] and confocal imaging [13]-[15].
Table 5 shows comparison between sensitivity-maps method and previous methods as
well as other popular qualitative method.

Table S. Comparison to previous and other methods

Methods Frequency Object Author
CT-based (fbp and art) 3 GHz Simple cube or cylinder with 2016-2019. Basari, et al
one contrast [27]-[30]
Holographic 1.5-1.9 GHz Cylinder with one contrast 2021. H. Wu, et al [10]
1-4 GHz Only numerical 2019. L. Wang, et al [11]
Confocal Imaging 0.8-2.2 GHz Sphere with one contrast 2015. L. Guo & A. M.
Abbosh [13]
3-5 GHz Sphere with one contrast 2017. W. Shao, et al [14]
1.5-4.5 GHz Sphere with one contrast 2020. S. A. S. Karamfard
& B. M. Asl [15]
Sensitivity-maps 3,14-20 GHz | F-shaped and multi-contrast This study
phantom
6 Conclusions

The simulation of a microwave imaging system based on the inverse scattering
sensitivity-maps method has succeeded in reconstructing a dielectric object in the
shape of the letter “F” with permittivity contrast into a qualitative image. Qualitatively
and quantitatively, the S, measurement simulation produces the worst quality image,
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while the S, measurement simulation produces the best quality image with the lowest
RRMSE value of 0.1272 and the highest SSIM of 0.9076. An increase in the frequency
of a single measurement will improve the quality of the reconstructed image qualita-
tively and quantitatively to a certain point where the measurement is under-sampling.
The reconstructed image on a single frequency of 16 GHz has the best quality, with the
lowest RRMSE value of 0.1729 and the highest SSIM of 0.7992.

Combining all single measurement frequencies (multifrequency) improves the qual-
ity of the reconstructed image qualitatively and quantitatively. The resulting image has
the best overall quality, with an RRMSE value of 0.1272 and an SSIM of 0.9076. The
designed imaging simulation system has successfully reconstructed a phantom consist-
ing of three objects with different permittivity contrasts into a qualitative image. The
resulting image is qualitatively accurate and has the lowest RRMSE value of 0.1434
and the highest SSIM of 0. 4609.The results show that the sensitivity-maps method has
high sensitivity to reconstruct dielectric objects with small dielectric contrast or objects
with multi-contrast.
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