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ABSTRACT

The field of microwave and millimeter-wave imaging systems is experiencing significant growth in research, primarily attributed to their versatile interaction capabilities
with various materials. In the course of image reconstruction, the inverse scattering problem is resolved through either qualitative or quantitative means. The inverse
scattering problem can be resolved by utilizing the truncated singular value decomposition (TSVD) algorithm, which is a suitable inversion method that can be
employed when there is a need to discard a portion of data. The utilization of multi-frequency multi-static inversion techniques yields results that exhibit greater
robustness and clarity when contrasted with single-frequency mono/bi-static configurations. However, it should be noted that the TSVD formulation may not be
sufficient in practical experimental situations, as it fails to account for potential deviations in power among excitations at varying frequencies. As a result, it is imperative
to perform a calibration process to standardize the power variations across different frequencies. The proposal outlines a calibration methodology that aims to achieve
power equilibrium across various frequencies and facilitate the automation of imaging algorithms. The proposed calibration technique is evaluated and demonstrated

through the use of a through-the-wall experiment.
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I. INTRODUCTION

Microwave and millimeter-wave imaging systems (MMWIS) are a rapidly expanding field of
research due to their ability to interact with many different materials [1]. This feature allows them
to be successfully employed in various applications in through-the-wall imaging (TWI), medi-
cal imaging, subsurface imaging, and security scanning and tracking [2-15]. During the process
of image reconstruction in MMWIS, the inverse scattering problem is solved either qualitatively
or quantitatively. In quantitative approaches, the contrast function, which holds the electrical
properties of the materials, is aimed at being retrieved [16, 17]. On the other hand, qualitative
counterparts seek an indicator that is related to the contrast function, provides faster reconstruc-
tions, and only finds the shape of the objects [18-20].

When it is necessary to disregard a specific part of data, the truncated singular value decompo-
sition (TSVD) algorithm can be utilized as an appropriate inversion method in microwave and
millimeter wave imaging applications. The selection of the truncated data is mostly determined
by the singular values of the input data, and depending on the type of application, this selection
becomes crucial. For illustration, in TWI setups, the contribution coming from the wall itself must
be truncated. On the other hand, in medical applications, this truncation operation may cause
important data loss while reducing the noise effects due to noise, and the target (especially in
the first stage of the anomaly) may have similar signal levels. The TSVD is generally employed to
find the solution to the inverse microwave scattering problem. For instance, experimental imag-
ing of 3D brain stroke detection is proposed in [21], an angular super-resolution technique is
presented for adverse weather aircraft radar in [22], and a TWI application is examined for differ-
ent versions of TSVD methods in [3]. In [23], it is demonstrated that TSVD is a suitable method for
stabilizing the source inversion to improve the inversion capabilities. In addition to solving the
inverse problem examples, in [24], TSVD is utilized as an auxiliary technique to reduce the noise
in medical images, and in [25], misfit errors and uncertainties from noise in the Laplace domain
is reduced via TSVD.
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Both qualitative and quantitative approaches suffer from the ill-
posedness of the inverse scattering problem, and since the num-
ber of measurements is limited and mostly performed outside
of the investigated region, constructing a well-posed problem
becomes very challenging. The non-linearity can be overcome by
the qualitative methods by using a simpler model, yet the prob-
lem still stays ill-posed, and they can only provide an estimate of a
target’s shape. Another issue in the microwave imaging area is the
discrepancy between the configurations of actual measurements
and the modeled simulation. To tackle this issue, calibration algo-
rithms, either with simulations, measurements, or algorithms, are
developed. For instance, a phaseless parametric inversion tech-
nique for system calibration for a specific application is presented
in [26]. A hybrid calibration technique employing both simulations
and measurements is proposed in [27], a calibration technique by
averaging 2 consecutive measurements is proposed in [28], and
further, a calibration involving a full-wave simulation is given in
[29] for real-time brain stroke monitoring. In [30], the calibration
between each different frequency is performed by comparing a
simulation and an additional measurement done in front of a cop-
per plate. In [3], a calibration procedure is proposed by employing
reconstructions at each operating frequency without taking any
additional simulations or measurements. In [3], a reconstruction
is heuristically selected, and calibration parameters for the rest of
the frequencies are calculated according to this fixed frequency.
Yet, the performance of the calibration is highly dependent on
this heuristic selection as well as the performance of the imaging
methods.

Here, a calibration procedure to balance the power between each
frequency is proposed by reliving the uncertainty of the fixed fre-
quency selection of [3]. In this article, the improvement in calibra-
tion is achieved by comparing all possible calibration parameter sets
at each frequency for the scattering parameter data. In addition, a
weighting regularization for the TSVD is presented. In addition to
offering better reconstructions, the proposed scheme also allows
the automation of the imaging algorithms. A through-the-wall
experiment with TSVD is utilized to test and show the performance
of the proposed calibration technique.

1. IMAGING ALGORITHM

In this study, the TSVD method is applied for wideband scattering
parameter data to solve the inverse scattering problem by recon-
structing qualitative images. Under Born’s approximation of the total
internal field, the problem can be linearized by replacing the total
internal field with the incident field as [31]

Sman = zj:;m?n.[ _[ J (Elm E:;"c(r' ))A e(rl )dr' (M

where S and E,’;:“,,) are the scattering portions of the scattering
parameters and the incident field for the corresponding mth and
nth antennas, respectively. The contrast is given with Ae(r')=&(r') -
€,(r") while the dielectric permittivity of the object, the background,
and the free space are denoted with €, €, and €, respectively. The
spatial coordinate r’ stands for the points in the investigated region,
while V is the volume of the object. The known root power at the
mth and nth antenna ports is given with «, j is the imaginary unit,
and w is the angular frequency. The symbol (-) stands for dot product
between two vectors. In the transverse magnetic (TM,) configuration,

the incident field for a line source becomes the Hankel function of
zero-order first kind as

i) (') = H“)( =) @

where k, =./o’ €, 11, is the nonmagnetic background’s wavenum-
ber and y, is the magnetic permeability of the free space. The posi-
tions of mth and nth ports are denoted with r,

m(n)”

Next, the problem cast in (1) can also be given in a more compact
form as

Son = L{A e(r )} 3)

where L is a linear integral operator taking into account the dot
product operation and the coefficients defined in (1). To calculate
the inverse of the operator L and find the unknown contrast, the
TSVD method can be applied as

ae(r )an (S,u v, @)

where u, v, and o are the left singular vectors, right singular vec-
tors, and singular values in descending order of the singular value
decomposition of the operator, L(SVD(L) = <u,c,v>) and S=IS,, Iy
(M and N denote the number of mth and nth antennas, respectively)
is the bistatic scattering parameter matrix. To further improve the
regularization of the TSVD method, we defined an interval for the
truncation index T between the values T, and T,. In proposed trun-
cation, the higher singular values are weighted dominantly, while
the lower singular values have less contribution to the calculation
of A€(r'). By doing so, a smooth truncation is applied. To define the
truncation indices, first, singular values are converted to decibel
values, and then the threshold limit is selected according to these
logarithmic values, as shown in [32]. The contrast found in (4) is a
complex vector, and to present a qualitative representation of the
investigated region, the normalized indicator of the imaging algo-
rithm is defined as

‘Ae(r

I(r')z

max(‘Ae(r')z)'

11l. CALIBRATION METHOD

Multi-static systems require calibration to resolve the mismatch
between the inversion model and the measurement system
because imaging algorithms cannot account for all aspects of physi-
cal measurement. Also, the inversion algorithms need the scat-
tering portion of the measurements, which is approximately the
difference between total and incident field measurements. This
study involves 2 distinct total field measurements conducted under
conditions of object presence and absence behind a wall. The first

measurement (S5¢" ) consists of the incident field, the wall’s con-

tribution, and the scattering field from the object, while the other

measurement (S2:™¢) contains the incident field and the wall’s

contribution. Therefore, the scattering portion can be calculated as

__ Cpresence absence
Sm,n - Sm,n _Sm n
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The multi-frequency multi-static inversion methods produce out-
comes that are more robust and unambiguous in comparison to sin-
gle-frequency mono/bi-static configurations [33, 34]. Even though
the mismatch between scattered and total field measurements is
resolved by using differential measurements, the given TSVD for-
mulation may prove inadequate in practical experimental scenarios
as it neglects the possibility of variations in power among excita-
tions at different frequencies [3]. This is mostly caused by antenna
radiation characteristics, and it is solved by making an additional
measurement [30], and using a microwave imaging solution of an
existing measurement [3]. Consequently, it is necessary to conduct
a calibration procedure in order to equalize the power discrepancies
among various frequencies. Before performing the measurements,
hardware calibration is required to compensate for the errors stem-
ming from components of the vector network analyzer, cables, and
connectors. By doing so, the VNA plane is transferred to the port of
the antennas.

To achieve this aim, the first step is to solve the inverse scattering
problem Ae; (see (4)) by using S, and ,’Z‘(‘,,) at every single fre-
quency, f,=1,2,...N, where N, is the number of frequencies. Next, the
parameters o are established to calibrate the input data, which
is scattering parameters in this work, at the fth frequency with the

power of the scattered field at the fjth frequency, where fJ =1,2,...N;as

o, :argﬁminzA & (r,',)—BA &, (r,',)‘2

=

(6)

where p stands for index number of sampled spatial coordinates r’,
and Pis the maximum number of sampling points. Thus, the summa-
tion is performed over sampling points in the investigated region.
Then, by setting the gradient to zero, the minimizer can be obtained
as follows:

Z :ZIA e (r)Ae (r )
Z;\Aeﬁ (5

Here, the parameter oy, has N; by N; values with having 1 at the
diagonal elements when f;=f, and it is formed as:

(x.fiyfl. =

1 Q2 Qi3 Q4 Q5
(S8} 1 Az3 A24 A5
Qff =| Oz Oz 1 O34  O3s (8)
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which gives us N; set of possible N, calibration parameters and one
of these sets can be used to calibrate the measured data as in [3] (i.e.
f.=N,)
j f:

1
(XLSSm,n

2
Scalibrated _ Oys Sm n

(S

where superscript of S denotes the frequency index. It should be
noted that the variables S<'*ated and E" are arranged as taking into

account all different frequency measurements (by concentrating all
possible transmitting antenna, receiving antenna and frequency
information) and it is employed to the (1). Here, the selection of £, is
heuristic.

However, the selection of value £, highly impacts the result of the
inversion algorithms and this selection cannot be foreseen. This
necessity can be eliminated by balancing each set of o;; by
minimizing

Nt

(x'fmg =arg minZ‘a:’ﬁ (d)-Bauy, (d)‘z
B d=1
" (10)
> () (d)
= - .
Zd:1‘a:'f’ (d)‘
where a}ﬂ’/’ consists of N, by N, values having 1 when f,=f (has simi-

lar form as in (8)) and it presents more robust calibration than a
since it takes into account all possible power differences at each
operating frequency. Next, the final calibration parameter can be
found as

f aimp
fi=1,fi#f;

fif
Ny —1

final
af;na _

(1)
Finally, the calibrated scattering parameter data can be defined as

finalc1
o Sm,n
finalg2
scalibrated _ 5] Sm,n

finalc N¢
a’Nf Sm,n

In addition to providing better reconstructions, using aﬁ;’“" also
allows automation of the calibration process by removing the ambi-
guity of the selection of f.

IV. THROUGH-THE-WALL EXPERIMENT

In this experiment, the measurements are performed in a non-
anechoic environment for a TWI configuration. Note that the
imaging setup is used to verify the proposed calibration method.
In order to achieve the intended objective, a metallic cylindrical
bar is positioned at the rear of the wall. Subsequently, a Rohde &
Schwarz ZNBT8 model vector network analyzer is situated on the
opposite side of the wall. This analyzer has the capacity to measure
S-parameters using 8 ports. The antenna array consists of 8 Vivaldi
antennas that are identical, and these antennas are arranged linearly
in a straight line with an equal separation between each antenna.
The frequency of operation is swept in a linear manner within the
range of 2.2-2.6 GHz, with a step size of 0.1 GHz. As a result, a total
of 5 distinct frequencies (N,=5) are selected for the purpose of mea-
surements. The network analyzer’s IF bandwidth is consistently 100
Hz for each discrete frequency measurement. The pictures of this
experiment are given in Fig. 1a and b, and more details about the
measurement setup can be obtained from [3].

The TSVD thresholds T, and T, correspond to a singular value index;
however, they are decided by assigning a decibel value to the sin-
gular values o. For this particular experiment, the decibel lower and



Electrica 2024; 24(1): 193-200
Dogu. Power Balancing in TSVD

from [3].

Fig. 1. Photographs of the through the wall imaging setup. (a) Eight identical Vivaldi antennas are employed for transmitting and receiving
and connected to an eight-port vector network analyzer. (b) A metallic bar is placed behind the wall above a table. These photographs are taken

upper limits are —7 and —13 dB, respectively. The threshold scanning
step is —2 dB. The index values are selected by finding the closest
decibel values to the given thresholds. For this particular experi-
ment, these index values are 37, 90, 95, and 115 for each threshold T.
The total number of singular values is computed by multiplying the
number of transmitters, receivers, and frequencies, which results in
980. The distribution of singular values is given in Fig. 2 for the values
20 log(o/c,,,,)-

First, the TSVD method is applied to the calibrated data (see (9) for
corresponding f) with a s, at each calibrated operating frequency
f,=22,23,24,25, and 2.6 GHz. The results of the TSVD indicator,

cal
(see (5)) are illustrated in Fig. 3a—e for each £ value. It is observed
that the indicator when f_=2.2 GHz (see Fig. 3a), provides good
structural properties of the object with very noisy reconstructions
in general. When f_=2.3 GHz (see Fig. 3b), the size of the object
shrinks, but noise is more suppressed. The noise begins to increase
when f_,=2.4 GHz (see Fig. 3c), and the size of the object begins to
expand when f_=2.5 GHz (see Fig. 3d). The indicator presents rea-
sonably good structural properties and less noisy images at f_,=2.6
GHz (see Fig. 3e). Next, the TSVD method is employed with the data
calibrated (see (12)) using ocg“a' and the indicator is depicted in Fig.
3f. It can be seen that the size of the object is perfectly retrieved.

The background artifacts, commonly referred to as noise, exhibit a

generally low level in the imaging process; however, it is observed
that the noise level is comparatively larger when the calibration fre-
quencies are setto f._,=2.3 GHzand f_,=2.6 GHz.

cal cal

To compare the results of the proposed calibration method, the
calibration method in [3] and without power balancing calibration,
a quantitative criterion is calculated using the Dice similarity coeffi-
cient [35]. To this aim, the indicators depicted in Fig. 3 are converted
to binary images using the threshold values between 0.05 and
0.95 with a 0.05 increment. The process of obtaining binary values
involves assigning a value of 1 to normalized reconstruction / if it
exceeds the chosen threshold and a value of 0 if it falls below the
threshold. The actual image is obtained by assigning 1 to the object’s
position and 0 to other points in the image. The Dice similarity coef-
ficient (DSC) is defined as

Z(Ucp /UUP)

DSC(%)=100
(0) X1+(UCP/UUP)

(1

where the variable U, represents the number of points that are
equivalent to 1 in both the actual binary image and the recon-
structed binary image. Similarly, U, denotes the number of points
that are equivalent to 1 in solely the actual binary image and the
reconstructed binary image. The percentage DSC values are plotted

0 Singular Values

g -100} .
d 7

§ 200t |
& 9

g

S 300¢ =L |

-13 )
37 63 89 115
_400 1 1 1 1
0 200 400 600 800 1000
Index Value
Fig. 2. The normalized singular value distribution.




Electrica 2024; 24(1): 193-200
Dogu. Power Balancing in TSVD

A £ ~2.2 (GHz) B £ =2.3 (GHz)

70 1.0 70 1.0

o'* 0.0 . 0.0
30 52 74 96 118 140 30 52 74 96 118 140
X (cm) X (cm)
f =2.4(GHz) f =2.5(GHz)
Cn <l w Do <

0.0

0 I
30 52 74 96 118 140 30 52 74 96

X (cm) x (cm)

118 140

f,=2:6 (GHz)

1.0
0.8
0.5
03
0.0

E w F Indicator o
0.8 53 0.8
T
0.5 835 0.5
-
0.3 18 03
0 0.0 0 0.0
30 52 74 96 118 140 30 52 74 96 118 140
X (cm) X (cm)

Fig. 3. The truncated singular value decomposition indicators when (a) f,

=22, (b) 1,=23,(0 f,=24,(d)f,=25, () f,=2.6 GHz and (f) with
using the proposed calibration method.
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Fig. 4. The Dice similarity coefficient for the binary images of truncated singular value decomposition indicators presented in Fig. 3a—f
and the result without applying any kind of power balancing. The binarization threshold values are between 0.05 and 0.95 with a 0.05
increment.
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in Fig. 4 for the quantitative analysis. It can be seen that the proposed
method provides the best reconstructions when the threshold goes
above 0.6. The binary indicators acquired using the proposed cali-
bration method when f,=2.2 GHz and f_,=2.4 GHz are given in
Fig. 5A-C for the binarization threshold of 0.75. These f, values are
selected for visualization because they have the highest DSC values
for the chosen binarization threshold. It can be seen that the pro-
posed method provides very high accuracy for the shape of the

object and the background’s noise level.

f_=2.2(GHz)

A 70 1.0
53 0.8
@ 35 0.5
)
18 0.2
0 0.0
30 52 74 96 118 140
X (cm)
B fca|:2‘4 (GHz)
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e
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30 52 74 96 118 140
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Binary Indicator
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0.8
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30 52 74 96 118 140
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Fig. 5. The binary truncated singular value decomposition
indicators when (a) =22, (b) f_,=2.4 GHz, and (c) with using the

cal cal

proposed calibration method.
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V. CONCLUSION

For wide-band measurement systems, this work has proposed a
calibration method to balance the power differences at each distinct
frequency measurement. Enhancement of the calibration is attained
through the comparison of all feasible calibration parameter sets for
every constant frequency and subsequently exhibiting solely one
calibration parameter set for the scattering parameter data. The pro-
posed scheme not only provides superior reconstructions but also
facilitates the automation of imaging algorithms by resolving heuris-
tic selection. Here, the proposed calibration method is verified with
an experimental TWI application at microwave frequencies.
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