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Abstract—This work assesses a hybrid calibration technique
that uses together measured and simulated data to compensate
modeling errors such as fabrication tolerances and positioning
inaccuracies. Here, as a proof-of-concept, it is considered a
virtual microwave imaging experiment of a human brain stroke
condition. The test involves a full-wave software based on the
finite element method and 3-D highly realistic system models,
including a set of 24 monopoles immersed in a solid brick-
shaped matching medium and a single-cavity anthropomorphic
head phantom. The studied case shows that under favorable
assumptions, the calibration procedure improves the quality
of the retrieved images compared to the non-calibrated-kernel
approach.

Index Terms—Measurements calibration, microwave imaging,
numerical simulation, microwave antenna arrays, microwave
propagation.

I. INTRODUCTION

Microwave imaging (MWI) is an emerging technology in
development with a high potential in the industry and the
medical fields. It deals with applications where optically
obscured targets, unreachable directly, present an unknown
electrical contrast at microwave frequency. For instance, in
the brain stroke case, the contrast is denoted by the difference
of electrical properties of the stroke-affected area compared
with the healthy tissues [1].

MWI is a nonlinear and ill-posed inverse scattering problem
that maps the dielectric properties of a domain of interest
(DOI) from a limited set of electromagnetic (EM) measure-
ments taken outside of DOI. A general scheme of an MWI
system consists of antennas around the DOI acting as trans-
mitters and receivers, which sample the field in the antenna
locations, and an inverse scattering algorithm that retrieves the
contrast map (image) employing an inherently system-specific
resolvent kernel. It gathers the particulars of the measurement
setup by estimating the incident field distributions inside the
DOI through analytical models or high-fidelity simulations.

However, achieving an accurate characterization of the
incident field inside the imaging domain is challenging due to
the harmful effects of non considered factors or incomplete
representation of the acquisition setup. It leads to an ap-
proximation that contains modeling errors such as fabrication
tolerances or positioning errors, which are unavoidable in real
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scenarios. These unwanted and non-modeled variations act
on the inverse-problem solution similar to the noise in the
measured data [2].

Hence, to improve the performance of a MWI system, both
measuring and modeling errors should be calibrated. For in-
stance, in [3], a full two-port calibration is applied to diminish
error due to source match, cross-talk, among others. Other
calibration approaches attempt to tune the measured scattering
parameters with the assumed numerical model using a known
scenario as a reference [4]–[6], compensating systematic mea-
suring errors. Alternatively, [2] derives the resolvent kernel in
the forward model from calibration measurements, preventing
the approximation in the incident field, but requiring the
measures of the system point-spread function.

This work considers a hybrid simulation-measurement (HS-
M) that deals with the modeling errors. The method intends to
calibrate the resolvent kernel, tuning the field distribution via
a projection of measured scattering parameters on a custom
set of basis functions obtained from multiple high-fidelity
simulations. It is inspired in [7], where measurements and a-
priori information are exploited for antenna testing, and posed
and preliminary assessed in a single-antenna scenario in [8].
Here, the HS-M calibration is applied to a realistic scenario
of hemorrhagic stroke imaging.

II. METHODS

A. Imaging Algorithm and Study Case

A differential algorithm based on truncated singular value
decomposition(TSVD) and the Born approximation is em-
ployed [1]. Besides, an intracranial hemorrhagic stroke con-
dition, virtually mimicked, is selected to proof the calibration
concept. The virtual setup consists of a single-cavity anthropo-
morphic head, filled up with average brain liquid (ε = 45.38,
σ = 0.77S/m) [1], and a conformal array of 24 brick-shaped
antennas placed around the head [10]. The full-fledged system
is 3-D modeled and full-wave simulated by an in-house finite
element method solver [9].

Then, the experiment considers as a nominal case a healthy
scenario (without stroke). It is simulated assuming the pro-
jected design (optimal positioning of the antennas) and non-
manufacturing errors, i.e., the one typically used to build
the imaging kernel. While an altered scenario with random
variations of the placing and permittivity of all antennas, in
comparison to the nominal case, mimics a realistic measure-
ment setup.



B. HS-M Calibration

HS-M calibration aims to render the field employed for
the imaging algorithm close to the real one, compensating
the initial nominal field with information obtained from com-
paring the scattering parameters of multiple simulations and
the measured ones. It comprises two main procedures, the
basis function definition and the estimation of calibration
coefficients.

The basis definition is the most computationally heavy part
of the procedure, though it is performed once and off-line.
It builds a basis applying the singular value decomposition
(SVD) to simulated scattering parameters obtained via a
systematic set of EM simulations considering the potential
sources of error as variables. In this specific case, we select as
variables the gap-distance between the head and the matching
medium block and the permittivity of the matching medium,
which are key factors in the antennas’ performance [10]. The
gap-distance varied from 0 mm to 10 mm, and the nominal
permittivity scaled between 0.9 to 1.1, taking as reference the
nominal value of the brick (ε = 18.5, σ = 0.012S/m).

Finally, the field radiated by the MWI system in DOI,
not available by measurements, is estimated by applying the
calibration coefficients on the simulated fields. The calibration
computes the coefficients using the measured scattering param-
eters (the altered case here) and the ones from the systematic
set of simulations. Details on the coefficients determination
and mathematical framework can be found in [8].

III. NUMERICAL RESULTS

This section presents a preliminary validation of HS-M
calibration scheme using a synthetic case. Then, the relative
error between the target field and the calibrated and non-
calibrated ones is compared. The “Target” refers to the field
of the altered case (measured), the “non-Calibrated” to the
nominal one, and the “Calibrated” to the one applying HS-M.
Figure 1 shows a frontal-slice view of the error on the field
produced by one of the antennas, evidencing the effect of the
calibration.

Fig. 1. Relative error of the electric field respect to the target one -Frontal
view-. (left):Calibrated; (right):Non-calibrated.

The second result considers the effect of the calibration on
the imaging reconstruction, taking as a reference scenario the
reconstruction employing the non-altered setup for obtaining
the fields and the parameters (best case), i.e., the kernel does
not have modeling errors. Conversely, both test cases get the
parameter from the altered setup, while the kernel is build

Fig. 2. Top view of reconstructed images. The red shape indicates the actual
shape of the hemorrhagic stroke. Dimensions in [mm].

using calibrated and non-calibrated fields, respectively. Then,
all the reconstructed images are normalized with the maximum
of the reference and depicted in Fig.2, which reveals a clear
improvement in the calibrated case.

IV. CONCLUSION AND PERSPECTIVES

The HS-M calibration shows potential to improve the re-
trieved outcomes of a complex system for brain stroke imaging
using both simulated and measured data, mitigating the effect
of unavoidable modeling errors. For the next steps, we plan
to apply it to actual measured data from the MWI system
presented in [1].
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