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Abstract—This paper proposes an innovative technique to
calibrate microwave imaging (MWI) systems combining available
measured data with simulated synthetic ones. The introduced
technique aims to compensate the variations of the antenna array
due to unavoidable manufacturing tolerances and placement, in
comparison to the nominal electromagnetic (EM) scenario. The
scheme is tested virtually and experimentally for the MWI of
the adult human head tissues. The virtual EM analysis uses
a realistic 3-D CAD model working together with a full-wave
software, based on the finite element method. Meanwhile, the real
implementation employs a single-cavity anthropomorphic head
phantom and a custom brick-shaped antenna array working at
around 1 GHz.
Index Terms—Measurements calibration, microwave imaging,
numerical simulation, microwave antenna arrays, microwave
propagation.

I. I NTRODUCTION
Microwave imaging (MWI) is an upcoming technology
that has emerged as a promising alternative in several fields
due to its attractive features of penetration, sensitivity to
dielectric contrast, non-invasiveness, harmlessness, and costeffectiveness [1], [2]. The considered inverse scattering problems are non-linear and ill-posed, and employ mapping domains that cannot be assessed directly or are extremely difficult
to reach [1]. For instance, in medical imaging-based diagnosis,
it is being applied to recover images of pathologies such
as breast cancer and brain stroke [3]–[11]. Moreover, in
food contamination detection is used to localize small plastic
contaminants within food container [12], and in grain-storage
for detect spoiled zones [13].
The principle of MWI relies on the contrast of the electrical
properties (permittivity and conductivity) that present the
different regions of the imaging domain(DOI) at microwave
frequencies, e.g., in the brain stroke diagnosis, the contrast is
between healthy tissues of the brain and the stroke-affected
area. Generally, an MWI system consists of an array of
identical antennas around the DOI acting as transmitters and
receivers. The antennas then sample the total and incident
fields, from which the imaging algorithm recovers the scattered
field in the DOI. The algorithm applies either direct procedures
such as the distorted Born approximation –applicable in the
case of weak scatters– and truncated singular value decomposition (TSVD) [14], or iterative ones such as the distorted
Born iterative method (DBIM) or the contrast source inversion
(CSI) algorithm [15], [16].

The inversion mechanisms (i.e., the whole imaging algorithm) employs at least once the solution of the forward
problem, which describes the system’s electromagnetic (EM)
behavior. It is an essential element to reach outcomes with
adequate accuracy, reliability, and quality. Thus, accurate and
realistic numerical modeling provides faithful EM fields of the
scenario under test and allows assessing variations of it without
actual implementation. However, it is well-known the real
scenarios presents unavoidable tolerances in manufacturing
and placements, even using detailed modeling. These issues
generate unwanted and non-modeled variations on the operator
(e.g., in a real system with multiples antennas, these could
have several variations).
Here, we introduce a hybrid simulation-measurement (HSM) procedure to calibrate the simulated S-parameters, initially computed during the forward problem solution, to the
measured ones via a custom set of basis functions obtained
from multiple high-fidelity simulations. Thus, the intended
scheme attempts to improve each antenna’s projected response
in an MWI system with real measured data. In this work, we
inspired from [17], where the antenna’s far-field is recovered
from an under-sampled near field via insertion of a-priori
information (geometry and materials of the antenna under test)
using advanced numerical modeling.
The paper is organized as follows. Section II covers the
fundamentals and the mathematical framework of the proposed
algorithm. Then, Section III details the scheme to build the
used basis functions, and the preliminary results, in either
simulation and measured cases, are presented in Section IV.
Finally, Sect. V summarizes the conclusions and future work.
II. HS-M C ALIBRATION PROCEDURE
The proposed HS-M calibration systematically combines apriori information on the MWI system (i.e., antennas, distribution of the antennas, materials), high-fidelity EM simulations
of possible variations of the scenario under test, and measurements at the antenna ports in order to enhance the forecasted
system behavior.
A. Basis definition
The procedure starts by expressing the measured Sparameters as a finite linear combination of known basis
functions, Ψk , with unknown coefficients, αk ,

S(rm , r1 , fi ) ∼
=

K
X

αk Ψk (rm , r1 , fi )

(1)

k=1

for m = 1, . . . , N , where N is the number of antennas, and for
i = 1, . . . , Nf , where Nf is the number of measured frequency
points; r1 is the position of the transmitting antenna and rm of
the receiving ones. Then, the latter can be expressed in matrix
format as
(2)
[S] ∼
= [Ψ][α],
where [S] is an array with length (N Nf ) that collects all the
measured S-parameters when the antenna 1 is the transmitter,
[α] is an array with length K collecting the unknown coefficients αk , and
[Ψ] = [[Ψ1 ], · · · , [ΨK ]] ,

(3)

has dimension (N Nf ) × K and collects all the basis functions
[Ψk ].
The basis functions [Ψk ] are obtained applying the singular
value decomposition (SVD) to K sets of simulated scattering
parameters where each simulation of the considered scenario
is slightly changed (e.g., changing the transmitter position
and geometry). The SVD procedure is applied to extract the
minimal number of independent (orthogonal) distributions that
maximize information quantity. Hence, [Ψ] corresponds to the
left singular vectors of the matrix


sim
[S sim ] = [S1sim ], · · · , [SK
] ,

(4)

where, for each k-th simulation, [Sksim ] collected the (N Nf )
simulated S-parameters when the antenna 1 is the transmitter.
B. Estimation of calibration coefficients
Once the basis [Ψ] has been generared, the coefficient [α]
are evaluated as
[α] = [Ψ]† [S],
(5)
where † states for Moore-Penrose pseudo inverse. Moreover,
as the basis is derived via the SVD from the simulated Sparameters, it is possible (and convenient to maintain the
connection with the known simulated cases) to describe [Ψ]
as:
[Ψ] = [S sim ][β].
(6)
Thanks to the orthonormality of the basis [21], the K × K
matrix [β] is equal to [A]−1 , where each element of the matrix
[A] corresponds to
[A]i,j = h[Ψi ], [Sj ]sim i

(7)

where h·, ·i denotes the projection between the two vectors.
Hence, substituting (6) in (2) we obtain
[S] ∼
= [S sim ][β][α],

(8)

that can be written also as
S(rm , r1 , fi ) ∼
=

K
X
k=1

"
αk

K
X
h=1

#
βkh Shsim (rm , r1 , fi )

(9)

Finally, considering that there is a linear relationship between the field radiated by the transmitting antenna and the
field on the receiving antenna ports, we can apply this linear
operator L to (9) obtaining
(K
"K
#)
X
X
sim
∼
L {S} = L
αk
βkh S
h

k=1

=

K
X
k=1

"
αk

h=1
K
X

#

βkh L Shsim

h=1

(10)


where L Shsim is the simulated radiated field, Esim
h , for each
h-th simulation. Hence, the field radiated by antenna 1 in the
region of interest, that is not available by measurements in
MWI systems, can be estimated as
!
K
K
X
X
e r1 , f ) =
E(r,
αk
βkh Esim (r, r1 , f )
(11)
h

k=1

h=1

The described procedure needs to be repeated for all the N
transmitters.
III. A PPLIED M ODEL BUILDING
In order to preliminary test the HS-M calibration procedure
described in Sect. II, we present here a reduced approach using
the S(r1 , r1 , f ) parameter only. Hence, the basis is built via
simulations that attempt variations of an MWI realistic scenario. The simulations are obtained with a full-wave advanced
numerical model based on an in-house finite element method
(FEM) solver working together with a computer-aided design
(CAD) software [18].
As MWI 3-D system, we consider the MWI brain stroke
imaging prototype recently published in [19]. It consists of a
set of 24 brick-shaped antennas employing custom coupling
medium [20], which are placed conformally to a human head
(i.e., as a helmet). Although all the system antennas are
ideally identical, their measured reflection coefficients present
variations between them, as shown in Fig. 1(a). Thus, the
deviation between antennas is due to the already mentioned
manufacturing tolerances and antennas’ placements. It was
particularly identified that it relies significantly on the slightly
different gaps between the antenna’s face and the head and
the composition of the coupling medium, which varies the
permittivity and conductivity of the brick [20]. Then, we
construct the basis varying those parametrically.
In the case of gap, the distance [d in Fig. 2 (d)] covers
from 0 mm to 10 mm, where 0 mm states for the case when the
center of the brick face is touching the head. Meanwhile, the
permittivity and conductivity are scaled by a factor between
18.5 and 0.012 S/m, considering reference values 18.5 and
0.012, respectively, as in [20]. Moreover, to render more
general the basis, three uniform models of the head are
employed, as shown in Figs. 2(a)-(c), where an antenna is
placed laterally. The permittivity and conductivity used for
the head tissues are an average of the values of the gray and
white matter (45.38 and 0.77 S/m at 1GHz) [22].

Fig. 1(b) depicts the reflection coefficients for the different
combinations of the gap, permittivity, and head model, and
Fig. 3 the singular values (SV) of the considered basis. In the
latter, the red segment represents the -85dB truncated SV that
is considered during the calibration procedure.

Fig. 2. Models used for generate the basis functions for the correction; (a):
flat model where d is the gap distance between antenna and head model; (b):
curved model; (c): anthropomorphic head model; (d): Zoom-up view of (a).

Fig. 1. (a): Measured reflection coefficients of a set of 24 antennas used in
[19]; (b): simulated set used for the construction of the basis.

IV. N UMERICAL AND E XPERIMENTAL R ESULTS
This section presents a preliminary validation of HS-M
calibration scheme using both synthetic and measured cases.
The first part assesses the capability of the basis to recover the
expected S1,1 parameter, while the second part considers the
use of the scheme for improving the estimation of the field of
radiated by one antenna in the region of interest.
Four cases are considered to evaluate the S1,1 , two using
synthetic data and two using actual measured data. In the case
of synthetic data, two independent models were built, which
are not included in the basis. The first model consists of a
brick-shaped antenna filled homogeneously, with a gap 5 mm,
a 1.05 scaled permittivity and conductivity, and placed on the
anthropomorphic head. Instead, the second one consists of a
non-homogeneous filled brick (see Fig. 4), where each element
of its mesh has a random value of permittivity within a range
between 10% with respect to the nominal case. It is placed on
the flat model with a gap of 3 mm.

Fig. 3. Singular values of the used basis.

Fig. 4. Non-homogeneous brick antenna. Dimensions as in [20]

Figures. 5 and 6 depict the magnitude and phase of aimed
and recovered parameters after applying the calibration scheme
for the four studied cases. The results show impressive
agreement between target data and the reconstructed ones in
simulated and measured cases with an average error lower
than 1%. The outcomes confirm the scheme’s capability and
the built basis to recover synthetic S1,1 in different conditions
and measured ones.

of the ideal modeled antennas due to the manufacturing
process and placement. The technique is preliminarily assessed
using a compact version of the scheme. The tested version
employs a single antenna. Thus it used the S1,1 parameters
and showed the potential to reconstruct measured parameters
from a synthetically built basis. The next steps further validate
the proposed calibration procedure and apply it in the MWI
system presented in [19] to improve its imaging capabilities.

Fig. 5. Reconstruction of S11 for two cases using synthetic data (the corresponding reference and reconstructed lines are almost overlapped). Yellow
and blue lines refer to the magnitude, and green and pink to the phase.

Fig. 7. Recovered electric field radiated by the homogeneous antenna scaled
in dBV/m; (a): target field, (b): nominal field, (c): reconstructed field.
Fig. 6. Reconstruction of S11 for two cases using measured data (the
corresponding measured and reconstructed lines are almost overlapped).
Yellow and blue lines refer to the magnitude, and green and pink to the
phase.

As the last test, we presented the reconstructed field radiated
by one antenna of the MWI system on a DOI section for the
simulated cases at 1 GHz, where the reference field is known.
The selected section covers the antenna’s frontal area, starting
0.5 cm from the surface of the head model and finishing 14 cm
deeper, and encompassing an area of around 7×14 cm2 . Figure
7 illustrates from top to bottom the target field (synthetic one),
the nominal one (expected field without applying the proposed
HS-M calibration procedure), and the reconstructed one for the
case of homogeneous brick. Instead, Fig.8 considers the case
non-homogeneous, where (a) refers to the aimed field and (b)
to the calibrated one.
V. C ONCLUSION AND P ERSPECTIVES
This work presented a hybrid calibration technique for
microwave imaging systems using both simulated and measured data. It mitigates the effects of unavoidable alterations

Fig. 8. Recovered electric field radiated by the non-homogeneous antenna
scaled in dBV/m; (a): target field, (b): reconstructed field.
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