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Abstract

Accurate dielectric measurements of biological tissues are crucial for the
development of electromagnetic diagnostic and therapeutic devices, such
as microwave breast imaging systems and microwave ablation applicators.
In fact, such technologies are designed based on estimates of the dielectric
properties of diseased and healthy tissues. Dielectric properties of biological
tissues are currently measured in the microwave frequency range using the
open-ended coaxial probe technique. Although the dielectric measurement
procedure with an open-ended coaxial probe is straightforward, several fac-
tors can introduce uncertainties into dielectric data, which can consequently
reduce the efficacy of electromagnetic medical technologies. Generally, un-
certainties are higher in the dielectric measurement of heterogeneous tissue
samples, such as breast tissue samples, due to the fact that the open-ended
coaxial probe technique is based on the assumption that the measured
sample is homogeneous. Thus, in order to reduce uncertainties related to the
measurement of heterogeneous samples, post-measurement histological anal-
ysis may be conducted to associate the measured dielectric properties to the
different tissue types within heterogeneous samples. Specifically, histological
analysis needs to be conducted on the region of sample consisting of the tis-
sues that may have contributed to the measured dielectric properties. To this
extent, it is fundamental to define the sensing volume of the measurement
probe, which is delineated by the sensing radius and sensing depth. Recent
research studies have investigated the impact of the sensing depth definition
and calculation on the dielectric characterisation of a number of layered
material samples, thus demonstrating how this parameter may be a source
of error in the interpretation of dielectric data acquired from heterogeneous
samples. However, few studies have investigated the sensing radius, and
only for a limited number of probes and material samples. For this reason,
in this thesis, the sensing radius is investigated through both dielectric mea-
surements and numerical simulations conducted on radially heterogeneous
tissue-mimicking and biological samples, with different dielectric properties
and contrasts.

Firstly, the sensing radius is examined as the minimum radius of the
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homogeneous tissue region required to accurately acquire only the dielectric
properties of that homogeneous tissue without the influence of the surround-
ing tissues. The sensing radius values obtained across a number of biological
tissues are also modelled in order to support prediction of the sensing radius
for a subset of biological samples, with the aim of improving the dielectric
characterisation of biological samples presenting radial heterogeneities.

Secondly, the dielectric contribution of single tissues constituting radially
heterogeneous samples is examined within the sensing radius. This analysis
has the aim of supporting the dielectric characterisation of radially heteroge-
neous tissue samples within which it is not possible to find a homogeneous
tissue region with radius larger than the sensing radius. The outcomes of this
analysis suggest that the dielectric properties of radially heterogeneous sam-
ples depend on the spatial distribution of each material within the sensing
radius, and that the bulk dielectric properties of concentric heterogeneous
tissues highly depend on the properties of each constituent material within
the sensing radius.

Lastly, the significance of the experimental findings from these two analy-
ses is demonstrated in the dielectric characterisation of radially heterogeneous
biological samples by the analysis of the histological content following the
dielectric data acquisition. Thus, the importance of the knowledge of the
histological content for a rigorous dielectric characterisation is highlighted
for biological tissues with simple heterogeneous structures. However, the
sample histological information may not be sufficient for an accurate di-
electric characterisation of samples with complex heterogeneous structures,
due to the challenges in correlating the measured dielectric properties with
complex histological features. These challenges suggest the investigation
of novel histological techniques, such as micro computed tomography, to
combine with the open-ended coaxial probe technique, with the aim of im-
proving dielectric characterisation of highly heterogeneous biological tissues.
Thus, a preliminary investigation demonstrating the potential of using micro
computed tomography for this application is also presented.

In summary, this thesis provides a basis for consistent identification
of the sensing radius and accurate interpretation of the dielectric proper-
ties acquired from radially heterogeneous tissue samples, with the aim of
supporting the design of microwave medical devices.
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4.17 Contour plot of the electric field magnitude (V/m) at 4 GHz
of the simulated probes (a) CP8 and (b) CP4 in contact with
Teflon surrounded by saline. In the simulations, a simplified
2D axis–symmetric model was used and, in both plots, radial
and axial distances are shown in mm horizontally and vertically,
respectively. In both plots, to the right of the symmetry axis (x =
0), is the half cross-section of the probe tip and the interrogated
sample (Teflon). The electric field isolines are marked, with
the last isoline referring to the location where the electric field
decays 40 dB. The two probes CP8 and CP4 both have the inner
radius of the outer conductor equal to 1.5 mm, but different inner
conductor radii and insulator widths, which affect the electric
field magnitude such that it is higher in (b) than (a) at the
radial distance of 1.5 mm. Also, in (a), the last isoline includes a
smaller geometrical region than the region delineated by the last
isoline in (b), thus suggesting that the inner conductor radius
has higher impact than the insulator width on the sensing radius 133

4.18 3D plot of the average sensing radii (i.e., sensing radii averaged
across frequency) from all simulation scenarios vs. the aver-
age relative permittivities (i.e., relative permittivities averaged
across frequency) of the inner and outer tissues constituting each
concentric sample. Two different clusters were identified: the
cluster including samples composed of an inner tissue with rela-
tive permittivity lower than that of the outer tissue is indicated
in blue, and the cluster of samples composed of an inner tissue
with relative permittivity higher than that of the outer tissue is
indicated in red . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.19 Sensing radius vs. contrast in relative permittivity for the two
clusters identified in Fig. 4.18: the blue cluster consisting of the
samples with an inner tissue having lower relative permittivity,
and the red cluster consisting of the samples with an inner tissue
having higher relative permittivity. The plot also shows the
linear polynomials interpolating the two data subsets (with solid
lines). Specifically, the blue line is defined by Eq. (4.8), with an
RMSE of 0.0764 between data and polynomial, and the red line
is defined by Eq. (4.9), with an RMSE of 0.0918 . . . . . . . . . 138
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4.20 Plot of the average sensing radius vs. average relative permittivity
of the inner tissue for scenarios consisting of samples having the
same outer tissue, i.e., muscle, but different inner tissues (included
within the category C1). The average relative permittivity of
muscle (50.8) is marked with a grey vertical line in the plot
and separates the data into two clusters: on the left, in blue,
the cluster including samples composed of an inner tissue with
relative permittivity lower than that of muscle, and, on the right,
in red, the cluster of samples composed of an inner tissue with
relative permittivity higher than that of muscle. The data from
the two clusters show different trends. To better define the
trends, the two data subsets are interpolated with second degree
polynomials, which are defined by Eq. (4.10) and Eq. (4.11) for
the blue and red curves, respectively. The RMSE calculated
between the data and the fitted polynomials is 0.0248 for the
blue cluster and 0.0339 for the red cluster. From both trends, it
is clear that the sensing radius is lower when the average relative
permittivity of the inner tissue is closer to that of muscle . . . . 140

4.21 Sensing radius vs. outer tissue relative permittivity for two
clusters corresponding to the category C2 of samples having
the same inner tissue, but different outer tissues. The data in
blue refers to samples having fat as inner tissue with a range
of other tissues as outer tissue, and the data in red refers to
samples having lymph node as inner tissue with a range of other
outer tissues. The two clusters have different trends, since in
one case, fat has an average relative permittivity lower than
that of all the outer tissues, and in the other case, lymph node
has an average relative permittivity higher than that of all the
outer tissues. The blue and red data clusters are interpolated
with linear polynomials defined by Eq. (4.12) and Eq. (4.13),
respectively. Furthermore, the RMSE is 0.0105 and 0.0868 for
the clusters from samples with fat as inner tissue and lymph
node as inner tissue, respectively . . . . . . . . . . . . . . . . . 141

4.22 Sensing radius vs. relative permittivity contrast for the two clus-
ters illustrated in Fig. 4.21. For both clusters, the sensing radius
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defined by Eq. (4.14) and Eq. (4.15), respectively. Furthermore,
the RMSE is 0.0161 and 0.0942 for the clusters from samples
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4.23 Sensing radius vs. inner tissue relative permittivity for three
couplets of datasets corresponding to the category of samples
C3, having same tissues but with the locations swapped. The
two tissues from each couplet have different percent contrasts
in relative permittivity, which are reported in the legend. The
data in blue is from the sample composed of fat and lymph node,
the data in red is from the sample composed of pancreas and
muscle, and the data in green is from the sample composed of
brain and lymph node. In each couplet, the lowest sensing radius
corresponds to the case of the lower permittivity tissue occupying
the inner region of the concentric sample . . . . . . . . . . . . . 144

4.24 Plot comparing the sensing radius data predicted by the first
set of linear regression and neural network (estimates) with
the sensing radius data obtained numerically from the second
simulation set (targets). The testing data obtained from the
linear regression is indicated in blue and the testing data from
the neural network is indicated in red. The dashed black line,
which is obtained by matching the estimates with the targets,
facilitates the data comparison and illustrates that the neural
network is more accurate than the linear regression at predicting
the sensing radius . . . . . . . . . . . . . . . . . . . . . . . . . . 147

4.25 Plot comparing the sensing radius data predicted, for the Keysight
slim form probe, by the second set of linear regression and neu-
ral network (estimates) with the sensing radius data obtained
numerically from the third simulation set (targets). The testing
data obtained from the linear regression is indicated in green and
the testing data from the neural network is indicated in yellow.
The dashed black line, which indicates the ideal match between
the estimates and the targets, facilitates data comparison and
illustrates that the neural network is more accurate than the
linear regression at predicting the sensing radius . . . . . . . . . 150

5.1 Set-up for the measurement scenario used to evaluate how ra-
dial heterogeneities in linear configuration impact the measured
dielectric properties. In the picture, the probe is positioned
on sample L2 at the interface between Phantom A and saline.
Phantom A is the low permittivity rubber-based phantom and
was attached to the bottom of the plastic box using double-sided
tape. The probe position on the sample was controlled, radially,
by the calliper attached to the right extremity of the box and,
longitudinally, by the lift table . . . . . . . . . . . . . . . . . . . 160
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5.2 (a) Side view picture and (b) top view diagram of the measure-
ment scenario used to evaluate how radial heterogeneities in
linear configuration impact the measured dielectric properties.
In the photograph, the probe is positioned on sample L1 at the
interface between Phantom A and Phantom B. In the diagram,
the red bordered circles represent the probe and the two sam-
ple materials are represented with the colours yellow and blue.
Measurements were performed at the material interface and at
different distances from the interface (from -10 mm to +10 mm) 161

5.3 Example of measurement sample used to estimate the contribu-
tion of side-by-side tissues to the measured permittivity. The
picture illustrates Sample L4, a porcine sample consisting of
side-by-side fat and muscle tissues. In the figure, the probe is
positioned on the fat-muscle interface, where both fat and muscle
tissues occupy approximately 50% of the sensing volume . . . . 162

5.4 Example of measurement sample used to estimate the contri-
bution of concentric tissues to the measured permittivity. The
picture illustrates Sample C5, a concentrically heterogeneous
porcine sample having muscle as the inner tissue and fat as the
outer tissue. The size of the inner muscle tissue is highlighted in
the picture with reference to the diameter of the slim form probe
(2.2 mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

5.5 (a) Side view picture and (b) top view diagram of the measure-
ment scenario used to evaluate how radial heterogeneities in
concentric configuration impact the measured dielectric prop-
erties. In the photograph, the probe is positioned on Sample
C3, consisting of the 0.75 mm radius PLA cylinder immersed
in saline. In the diagram, the red bordered circle represents the
probe and the two sample materials are represented with the
colours yellow and blue. The inner material (in blue) has a radius
ranging from 0.25 to 1 mm, and the outer material (in yellow)
extends outside of this extent . . . . . . . . . . . . . . . . . . . 165

5.6 2D axially symmetric model designed to evaluate the dielec-
tric contribution of concentric materials to the acquired signal.
Different values were used for the radius of the inner material
and dielectric properties were assigned to the inner and outer
materials of each simulated concentrically heterogeneous sample 168
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5.7 3D simulation model designed to evaluate the dielectric contri-
bution of side-by-side materials from the simulated Samples L1
and L4. In the diagram, the probe is positioned at the material
interface (exactly in the middle of the sample). However, for
each sample, different probe positions with distances between
0-10 mm from the interface were considered in order to estimate
the radial distance at which only the dielectric properties of one
material are detected (i.e., the radial distance at which the effect
of the other material ceases) . . . . . . . . . . . . . . . . . . . . 169

5.8 Flowchart summarising the experimental and numerical steps
taken to estimate the material/tissue contribution within radially
heterogeneous samples (consisting of two side-by-side or concen-
tric materials/tissues). In case of mismatch between simulated
and measured data, the measurements were repeated by mon-
itoring all the confounders and by minimising the sources of
error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

5.9 Relative permittivity traces from (a) measurements and (b) sim-
ulations performed over the range of 2-6 GHz on Sample L1,
composed of a linear configuration of Phantom A (left material)
and Phantom B (right material). Both measurements and sim-
ulations were performed with the probe positioned over small
increments in distance from the low permittivity (Phantom A)
to the high permittivity phantom (Phantom B). The distances,
reported in the legend, are negative if the probe is positioned
on the left material (Phantom A), and positive if the probe is
positioned on the right material (Phantom B). The traces from
acquisitions performed at distances ±1.1 mm between the probe
centre and the interface are dashed. The thick yellow solid trace
is from the measurement/simulation performed with the probe
centre lined up with the phantom interface, and is overlapped by
the relative permittivity trace obtained by averaging the relative
permittivity values of Phantom A and Phantom B (indicated
with a green dash-dotted line). While in (a) all the measurement
traces are reported, in (b), the simulation data obtained at the
intermediate distances between 1.1 mm and 10 mm are not il-
lustrated, since this data overlaps with the 1.1 mm and 10 mm
distance data, and thus does not provide additional information 175
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5.10 Relative permittivity and conductivity plots from the measure-
ments (a-b) and simulations (c-d) performed on Sample L4. In
all plots, the average data from muscle is reported with a blue
solid line, the average data from fat with a red solid line, and the
average data from the fat-muscle interface with a thick yellow
line. Furthermore, across all the plots, the data acquired at the
interface is compared with the data estimated by averaging the
fat and muscle data (indicated with a green dash-dotted line).
The permittivity values from the fat-muscle interface are halfway
between the permittivity values of fat and muscle tissues and
within 10% of the permittivity values calculated by averaging
the fat and muscle permittivity . . . . . . . . . . . . . . . . . . 177

5.11 Plot of the relative permittivity mean, minimum and maximum
values calculated across three measurements, each on 100% Teflon,
100% saline, and the concentrically heterogeneous sample con-
sisting of 29% saline and 71% Teflon (Sample C1). The relative
permittivity from Sample C1 is between that of Teflon and saline
and overlaps with the permittivity estimated based on the mate-
rial composition within the sensing radius . . . . . . . . . . . . 179

5.12 Plot of the relative permittivity mean, minimum and maximum
values calculated across three measurements, each on 100% Teflon,
100% saline, and the concentrically heterogeneous sample con-
sisting of 46% PLA and 54% saline (Sample C3). The relative
permittivity from Sample C3 is close to that of PLA but 63%
different from the relative permittivity estimated based on the
material composition within the sensing radius . . . . . . . . . . 180

5.13 Plot of the relative permittivity values obtained from simulations
performed with the following samples: 100% Teflon, 100% saline,
29% saline 71% Teflon (Sample C1), 46% Teflon 54% saline (Sam-
ple C3, with Teflon replacing PLA). The relative permittivity
traces from Samples C1 and C3 (plotted with yellow solid and
dashed lines, respectively) are compared with the relative per-
mittivity traces estimated based on the material composition
within the sensing radius of Sample C1 and C3 (plotted with
green solid and dashed lines, respectively). While, for Sample
C1, the estimated relative permittivity trace is about 40% differ-
ent from the simulated relative permittivity, for Sample C3, the
estimated relative permittivity trace is about 50% different from
the simulated relative permittivity, which is approximately equal
to the relative permittivity of Teflon . . . . . . . . . . . . . . . 181
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5.14 Average relative permittivity calculated across five measurements
on muscle, fat, Samples C5, which consist of inner muscle tissue
having radii ranging from 0.5 to 0.9 mm surrounded by fat tissue
(indicated with a violet dashed line), and Samples C6, which
consist of inner fat tissue having radii ranging from 0.5 to 0.9 mm
surrounded by muscle tissue (indicated with a yellow dashed line).
The permittivity values obtained from Samples C5 are within
15% of the permittivity values obtained from muscle tissue. On
the other hand, the permittivity values obtained from Samples
C6 are within 10% of the permittivity values obtained from fat
tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

5.15 Relative permittivity obtained from 2D simulations of muscle,
fat, and two 50% muscle and 50% fat tissue concentric samples,
one with muscle as the inner tissue and fat as the outer tissue
(indicated with an orange dashed line), and the other one with
fat as the inner tissue and muscle as the outer tissue (indicated
with a light blue dashed line). The relative permittivity from
the simulated 50% fat and 50% muscle tissue concentric samples
are significantly different from the relative permittivity values
obtained by averaging the simulated fat and muscle permittivity 184

5.16 Relative permittivity traces obtained from simulations conducted
on Sample S2 in linear configuration. Each trace corresponds
to a specific location of the centre of the probe with respect to
the tissue interface, which is indicated in the legend. Specifically,
the distances are negative when the probe was mostly in contact
with the left tissue (fat), and positive when the probe was mostly
in contact with the right tissue (muscle). The reported traces are
symmetric with respect to the trace of the fat-muscle interface,
thus indicating that the two tissues have equal contribution to
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5.17 Dielectric weights of muscle (Tissue 2, on the right) for Sample S2
in linear configuration obtained at the single frequencies of 2 GHz
and 6 GHz as a function of the probe distance from the tissue
interface. The dielectric weights obtained at 2 GHz (indicated
in blue) are approximately equivalent to the dielectric weights
obtained at 6 GHz (indicated in red). Due to the fact that the
two Richards functions fitting the two sets of data, at 2 GHz and
6 GHz, overlap, the dielectric weight can be generally represented
by the function expressed in Eq. (5.10) . . . . . . . . . . . . . . 187
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5.18 Relative permittivity traces obtained from simulations conducted
on (a) Sample S1 and (b) Sample S2 in concentric configuration.
Both samples consists of the same tissues, fat and muscle, but
with swapped location. Specifically, Sample S1 has muscle as the
inner tissue and fat as the outer tissue and Sample S2 has fat
as the inner tissue and muscle as the outer tissue. In both plots,
each trace corresponds to a specific radius of the inner tissue.
By comparing the relative permittivity traces from (a) and (b),
it can be observed that the traces of (b) tend to the trace of
the inner tissue (fat, in this case) considerably faster than how
the traces of (a) tend to the trace of the inner tissue (muscle, in
this case). In fact, the dielectric trace corresponding to the inner
tissue radius of 0.40 mm (reported with a dark red solid line) is
half way between muscle and fat in (a) and closer to fat in (b) . 189

5.19 Dielectric weights of muscle (in blue) and fat (in red) for Sample
S1 and Sample S2 in concentric configuration, respectively. The
dielectric weights and the corresponding fitted Richards curves
(parameters of which are reported in Table 5.5) are valid for any
single frequency between 2-6 GHz. The two Richards curves
fitted to the two sets of data from Sample S1 and Sample S2
highlight that the dielectric weights of fat increases faster than
the weights of muscle, thus confirming that tissues with a lower
permittivity has a greater dielectric impact than tissues with a
higher permittivity . . . . . . . . . . . . . . . . . . . . . . . . . 190
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6.5 Sample illustrated in Fig. 6.4 after undergoing fixation in 10%
w/v formalin solution. Two green stitches can be observed beside
the measurement sites across the heterogeneous regions of the
sample. The stitches were not inserted over the measurement
sites in order to avoid tissue damage in the region of interest.
Furthermore, the sample is placed into a cassette to be inserted
into the tissue processor. The cassette was labelled with the
unique identifier, i.e. LK7M 26-11, written in the pencil since
graphite is resistant to all chemicals used by the tissue processor 200

6.6 Summary of the haematoxylin and eosin (H&E) staining protocol,
consisting of different steps, from the slice re-hydration to the
staining and dehydration . . . . . . . . . . . . . . . . . . . . . . 202

6.7 Photographs depicting the change in the size of a side of a porcine
muscle sample (Sample PM1 in Table 6.2) through the traditional
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6.9 Porcine muscle sample that was excluded from histology, since
the tissues constituting the sample were too fibrous and crumbled
during slicing with the microtome . . . . . . . . . . . . . . . . . 207

6.10 (a) Post-fixation picture, (b) post-processing picture and (c) 5
µm thick histological slice of Sample PM1 (reported in Table 6.2)
used to support the dielectric data acquired to validate the sensing
radius findings of Chapter 4. The five marked measurement sites
in (a) are faded in (b). Among the five measurement sites, one is
from muscle, two from fat (from smaller and larger regions), and
two from concentrically heterogeneous regions. The slice in (c)
was obtained at the depth of 0.3 mm and is representative of the
whole sample consisting of muscle tissue (which appears in pink
due to the eosin staining) and fat tissue (which appears in white
since the H&E staining cannot perfuse through hydrophobic
tissues) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

6.11 5 µm thick histological slice of Sample PM1 used to support the
dielectric data acquired to validate the sensing radius findings
of Chapter 4. On the histological slice, the change in size of the
small fat region is highlighted. Specifically, before fixation, the
small fat region had a diameter of approximately 2.2 mm (which
is the diameter of the probe). After processing, the diameter of
the same region was 1 mm. This change in size suggests a fat
tissue shrinkage of approximately 50% . . . . . . . . . . . . . . 210
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6.12 (a) Relative permittivity and (b) conductivity traces from three
measurements performed on Sample PM1 to validate the sensing
radius findings of Chapter 4. Among the three measurements,
one measurement was performed on muscle, one measurement
on a larger fat region (approximately two-three times larger
than the probe) and one measurement on a smaller fat region
(approximately as large as the probe). A difference of less than
5% was found between the measurements performed on the two
fat regions, thus suggesting that the sensing radius for fat is
within the size of the probe. In addition, in both (a) and (b),
the bovine muscle and fat data by Gabriel et al. [46] is reported.
Consistent differences of approximately 20% were found between
measurement and reference relative permittivity data, which can
be attributed to biological variability between and within animals,
different tissue handling procedures and temperature variations 211

6.13 (a) Post-fixation picture and (b) 5 µm thick histological slice
of a kidney sample used to support the dielectric data acquired
to validate the sensing radius findings of Chapter 4. Four mea-
surement sites are marked in (a): one faded on the medulla and
three on the cortex. Among the three measurement sites on the
cortex, the point that is less than 1 mm distant from the medulla
was further marked with a green stitch, which is highlighted in
(a). The extremities of the green stitch can be observed in (b)
on the 5 µm histology slice that was obtained at the depth of
0.1 mm. This slice is representative of the whole sample, which
was confirmed to have only radial heterogeneities. In (b), the
medulla (which appears in the top right portion of the image) is
not easily distinguishable from the cortex . . . . . . . . . . . . . 212

6.14 5 µm histological slice of the kidney sample in Fig. 6.13 used to
support the dielectric data acquired to validate the sensing radius
findings of Chapter 4. On the histological slice, the medulla and
the measurement point marked with the stitch are highlighted, in
order to facilitate the correspondence between dielectric data and
histological information. The measurement point was identified
by considering the location of the probe (which has a diameter of
2.2 mm) and the distance of the measurement point from the stich213
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6.15 (a) Relative permittivity and (b) conductivity traces from three
measurements performed on the kidney sample in Fig. 6.13 to
validate the sensing radius findings of Chapter 4. Among the
three measurements, one measurement was performed on the
medulla, one measurement on the cortex far from the medulla
and one measurement on the cortex close to the medulla. A
difference of less than 1% was found between the measurements
performed on the two cortex regions, thus suggesting that the
sensing radius for cortex is within 2.1 mm (i.e., the radius of the
probe which is 1.1 mm + the distance of the measurement point
from the medulla which was 1 mm). In addition, in both (a)
and (b), the porcine cortex and medulla data from Salahuddin
et al. [133] is reported. The measurement data is in agreement
with the reference data, since only differences within the tissue
measurement uncertainty (less than 5%) were found between
measurement and reference data . . . . . . . . . . . . . . . . . . 214

6.16 (a) Post-fixation picture, (b) post-processing picture and (c) 10
µm histological slice of Sample LK2 (reported in Table 6.2) used
to support the dielectric data acquired to validate the dielectric
contribution findings of Chapter 5. Among the four marked
measurement sites in (a), two are from the medulla, two from
the cortex (with one point closer to the medulla than the other)
and one is at the cortex-medulla interface. The two measurement
sites at/closer to the interface were further marked with green
stitches, since the marks faded away during sample processing, as
is clear in (b). In (c), the extremities of the green stitch marking
the measurement point at the interface between the cortex and
medulla are highlighted, since this point is used to validate the
dielectric contribution findings of two side-by-side tissues. The
slice in (c) is representative of the whole sample, which was found
to have only radial heterogeneities. In (c), the 10 µm slice allows
for the distinction of the medulla (which appears more blue than
pink) from the cortex (which appears mostly pink) . . . . . . . 215
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6.17 10 µm histological slice of Sample LK2 used to support the dielec-
tric data acquired to validate the dielectric contribution findings
of Chapter 5. On the histological slice, the medulla and the
measurement point at the cortex-medulla interface (marked with
the stitch) are highlighted, in order to facilitate the correspon-
dence between dielectric data and histological information. The
measurement point was identified by considering the location of
the probe (which has a diameter of 2.2 mm) and the distance of
the measurement point from the stitch . . . . . . . . . . . . . . 216

6.18 (a) Relative permittivity and (b) conductivity traces from three
measurements performed on Sample LK2 to validate the findings
(in Chapter 5) regarding the dielectric contribution of side-by-side
tissues. Among the three measurements, one measurement was
performed on the medulla, one measurement on the cortex (far
from the medulla) and one measurement at the cortex-medulla
interface. The data from the cortex-medulla interface is compa-
rable with the estimated data obtained by averaging the data
from the cortex and medulla, thus suggesting that the cortex
and medulla had equal dielectric contribution to the dielectric
signal acquired at the interface. In addition, in both (a) and (b),
the porcine cortex and medulla data from Salahuddin et al. [133]
is reported. The measured cortex and medulla data was consis-
tently different from the reference data due to tissue dehydration,
different tissue handling procedures and temperature variations 217

6.19 5 µm histological slice of Sample PM1, where the two concen-
trically heterogeneous measurement points are highlighted with
the aim of validating the findings (in Chapter 5) regarding the
dielectric contribution of concentric tissues. However, the mor-
phology of the two concentrically heterogeneous measurement
sites changed during the traditional histology procedure, making
the interpretation of the dielectric data in Fig. 6.20 difficult . . 218
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6.20 (a) Relative permittivity and (b) conductivity traces from four
measurements performed on Sample PM1 to validate the findings
(in Chapter 5) regarding the dielectric contribution of concentric
tissues. Among the four measurements, one measurement was
performed on muscle, one measurement on fat and two mea-
surements on concentrically heterogeneous tissue consisting of
muscle surrounded by concentric fat. Due to the morphology
change of Sample PM1 during traditional histology, it was not
possible to associate the dielectric traces from the concentrically
heterogeneous points with the histological information reported
in Fig. 6.19 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

6.21 MicroCT scan obtained at 0.5 µm depth from the surface of an
ovine muscle sample. From the image, it is easy to distinguish the
muscle tissue, visualised in white, from the fat tissue, visualised
in black, since the contrast agent (Lugol’s iodine) is able to
perfuse through muscle but not through fat . . . . . . . . . . . 220

6.22 MicroCT scan obtained at 0.5 mm depth from the surface of a
rodent kidney sample. From the image, it is easy to distinguish
the cortex region from the medulla region, since the cortex region
is brighter than the medulla region. For ease of visualisation, the
medulla region is contoured by a red solid line . . . . . . . . . . 221

6.23 Relative permittivity and (b) conductivity traces from three
measurement regions of the mammary fat pad, to validate the
applicability of the findings of Chapter 4 and Chapter 5 to
highly heterogeneous biological samples. The three measurement
regions include a mostly cancerous breast region, a mostly fatty
region and two points at the interface between the two regions.
In addition, in both (a) and (b), the human breast cancerous
and fat tissue data from Lazebnik et al. [11] is reported as
reference. While the average measured cancerous tissue data is
close to the reference data, the average measured fatty tissue data
is notably different. The considerable differences (above 80%)
between measurement and reference data for the fatty tissue
region suggest that the mostly fatty tissue may have presented
inclusions of cancerous tissue . . . . . . . . . . . . . . . . . . . 222
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6.24 MicroCT scan obtained at 0.3 mm depth from the surface of
the mammary fat pad. The heterogeneity visible in the image
is representative of that of the whole sample, and illustrates
the tissue structure of the mammary fat pad, which includes a
heterogeneous mixture of tumour, fat and blood vessels (bright
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Chapter 1

Introduction

The interaction of Electromagnetic (EM) fields with the human body is
dependent on the inherent dielectric properties of each tissue. Based on
these properties, EM waves are transmitted, absorbed, and reflected by
biological tissues in different ratios. Accurate knowledge of these properties
is crucial for dosimetry (safety) calculations and for medical diagnostic,
monitoring, and therapeutic technologies.

The dielectric properties of tissues can be incorporated into highly
accurate computational and physical models, and the generated preliminary
data can be used to assess the technical risk, efficacy, and safety of the
medical device or treatment. For instance, numerical models based on tissue
dielectric parameters are used to calculate the Specific Absorption Rate
(SAR) in biological tissues. SAR levels are regularly calculated to validate
the safety of many medical technologies, including Magnetic Resonance
Imaging (MRI) and implantable devices. Since SAR is a complex function of
the dielectric properties of tissue, accurate knowledge of these properties are
the foundation upon which SAR safety analysis is built [1], [2]. Furthermore,
accurate knowledge of the dielectric properties of biological tissue have
prompted the development of a wide range of novel EM diagnostic and
therapeutic technologies.

EM diagnostic systems range from the low-frequency Electrical Impedance
Tomography (EIT) to higher-frequency Microwave Imaging (MWI). Both of
these techniques rely on dielectric contrasts between organs, or contrasts
between healthy and diseased tissue. These imaging methods have gained
significant academic and commercial interest, since both EIT and MWI
are non-invasive and potentially low-cost techniques [3]–[7]. While EIT is
now established commercially for lung-function monitoring applications [8],
[9], MWI similarly has made considerable progress toward clinical usage
in the past two decades, as tissue dielectric properties enable the differ-
entiation of benign and malignant tissues in breast cancer imaging [10]–
[15], the monitoring of bladder volume in the treatment of enuresis and
urinary incontinence [16], [17], and the detection of stroke in intracranial
imaging [18]–[21].
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From a therapeutic perspective, knowledge of the relevant dielectric
properties are used in the design and optimisation of Hyperthermia (HT) ap-
plicators [22]–[24], Radio Frequency Ablation (RFA) [25]–[27] and Microwave
Ablation (MWA) systems [28]–[32]. Hyperthermia consists of elevating the
temperature of a diseased tissue to just above a normal physiological level in
order to sensitise tumour cells, making the cancerous tissue more susceptible
to chemotherapy and radiotherapy [33]. Targeted HT has been demonstrated
to be particularly effective in the treatment of cervical cancer, breast cancer,
cancers of the head and neck and sarcoma in adults [22] and germ cell tu-
mours in young children [24]. In EM-based HT systems, heating is achieved
by coherently adding signals at the tumour location. In order to achieve
coherent summing of the waves at the appropriate location, knowledge of
the wave propagation speed is required, which depends on the dielectric
properties of the tissues in the region. Similarly, RFA and MWA are two
treatments for liver, kidney, and lung cancer [34], [35]. Both methods cause
the direct necrosis of disease, and the relative high frequencies allow for
good selectivity in terms of targeting the cancerous tissue while protecting
the surrounding healthy tissue [36]. Knowledge of the dielectric properties of
tissues in the ablation region are factored into the design of ablation probes,
where they are used to optimise the probe antenna efficiency and directivity,
along with the size and shape of the ablation zone [37].

Thus, an accurate knowledge of the tissue dielectric properties not only
has the potential to improve SAR estimates and reduce undesired tissue
heating, but also enhances the detection and localisation of specific tissue
types in novel EM-based imaging systems and the targeting of diseased tissues
(while preserving surrounding healthy tissues) in therapeutic technologies.

1.1 Motivation

Dielectric properties of biological tissues have been a topic of interest since
the 1940s [38]–[41]. In the last decades, due to the increase of emerging
Microwave (MW) medical devices, a number of in vivo and ex vivo studies
have been conducted on animal and human tissues [11], [15], [42]–[49].
Several methods have been adopted to measure the dielectric properties of
biological tissues in the MW range, including the transmission line, cavity,
and open-ended coaxial probe techniques [50]. Among these methods, the
coaxial probe technique is the most commonly used in the MW frequency
range for tissue characterisation, since it is non-destructive, and allows for
ex vivo and in vivo broadband measurements [11], [30], [31], [42], [46], [47],
[51]–[54].
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The open-ended coaxial probe measurement technique comprises of a
coaxial probe connected to one port of the VNA (Vector Network Analyser)
through a cable or an L-shaped connector. Measurements with the open-
ended coaxial probe technique consist of placing a coaxial probe in contact
with the sample to interrogate dielectrically so that a portion of the EM signal
generated from the VNA propagates into the sample and the remaining signal
is reflected back to the VNA, based on the characteristics and properties of
the sample. From the reflected EM signal, the dielectric properties of the
interrogated sample are then obtained.

Although the dielectric measurement process with the open-ended coaxial
probe appears straightforward, a number of different factors, or confounders,
can affect the dielectric measurement increasing the uncertainty of the
acquired data and compromising the data interpretation. Throughout this
thesis, the term “confounders” refers to factors that affect the outcome
(i.e., the measured dielectric properties) other than the cause (the actual
tissue properties). These confounders can be separated into two types:
equipment-related and tissue-related confounders. Equipment-related (or
system) confounders can be intrinsic to the instrumentation or depend on
the calibration procedure and the methods used to verify the quality of the
calibration. On the other side, tissue-related confounders depend on the
characteristics of the examined sample and the interaction of the sample with
the coaxial probe. Examples of tissue-related confounders are: differences
between in vivo and ex vivo samples, tissue handling, tissue dehydration
(and then water content differences), tissue temperature change, unsteady
probe-tissue contact and tissue heterogeneity.

Due to the high number of confounders involved in the dielectric mea-
surement with a coaxial probe, inconsistent dielectric data has been reported
in the literature for several biological tissues, such as fat and lung [55]. For
this reason, in the last two decades, a comprehensive uncertainty analysis
has been completed and standard techniques have been developed to reduce
the effect of equipment-related confounders to the measured data [47], [55].
Also tissue-related confounders, such as tissue temperature change [46],
[47], differences between in vivo and ex vivo measurements [46], [56], char-
acteristics of the animal/individual from which the tissue is excised [47],
[56]–[59], moisture content [46], [47], [58], and probe-sample contact [47]
have been examined and good benchmarks have been defined to compensate
for a subset of these tissue-related confounders. However, inconsistencies in
dielectric data can still be found across more recent studies involving the
dielectric characterisation of healthy and cancerous breast tissue [10]–[12],
[15], [49], [60], [61], thus complicating the design of breast imaging devices,
which rely on the dielectric properties of breast tissue [62].
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Due to the importance of accurate knowledge of dielectric properties
for the design of EM medical technologies and to the increase of emerging
MW devices, nowadays, it is vital to reduce uncertainty in dielectric data
and particularly over the MW range. To this extent, in this dissertation,
a number of dielectric studies are reviewed and compared with the aim of
highlighting the main confounders causing uncertainty in dielectric data, and
the most effective techniques adopted to compensate for these confounders
and reduce data uncertainty. As previously stated by Peyman et al. [47],
most of the uncertainty is attributed to poor measurement repeatability.
Specifically, measurements are less repeatable for heterogeneous biological
samples than for homogeneous ones. The low measurement repeatability for
heterogeneous samples may be primarly attributed to the high variability
of the tissue content across different measurement regions of each sample.
Hence, in order to optimise the dielectric characterisation of heterogeneous
biological samples, post-measurement histological analysis can be conducted,
so that dielectric data can be accurately correlated with the sample tis-
sue content [63]. However, in the literature, there is no consensus on the
procedure to accurately correlate the dielectic data with the histological
information [63], [64]. For instance, sample heterogeneities have been re-
ported with inconsistent definition and categorisation [10], [11], [15], and
different methodologies have been adopted to correlate the dielectric data
to the sample histological content [63].

Besides an accurate histological procedure, a rigorous methodology to
associate the acquired dielectric data with the sample histological content
involves:
• Accurate knowledge of the sensing volume of the probe;
• Accurate knowledge of the dielectric contribution of each tissue occu-

pying the sensing volume.
In particular, accurate knowledge of the sensing volume, which consists

of sensing radius and sensing depth, supports an accurate definition of the
radial and longitudinal extents of the sample region to analyse histologically,
i.e., the histology region [63]. In fact, by matching the size of the histology
region with the sensing volume, it is ensured that the histology region
contains all the tissue types contributing to the acquired dielectric data.
Once the sensing volume is defined, it is essential to know the dielectric
weight of each tissue occupying the sensing volume on the acquired signal for
an accurate correlation between dielectric data and histological information.

Although several studies have investigated the sensing volume with
the aim of improving the correspondence between acquired dielectric data
and sample histological content [63], [65], [66], there are still a number
of unanswered research questions regarding the sensing radius and the
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procedure to correlate the dielectric data to the histological information.The
unanswered research questions can be grouped in the following categories.

1. What are the factors to consider for the calculation of the sensing
radius? For instance, how does the sensing radius vary with the
dimensions of the probe? Does the sensing radius depend also on the
dielectric properties of the investigated tissue?

2. What are the factors to consider for an accurate quantification of the
dielectric contribution of a tissue to the acquired data? For instance,
how does the tissue structure impact the tissue dielectric contribution?
Within the same tissue structures, do tissues have different dielectric
contributions according to the dielectric properties of each?

3. If the sensing volume and the dielectric contribution of each tissue
within the sensing volume are well defined, what are the challenges
involving the correlation between dielectric data and histological infor-
mation? How can such challenges be addressed?

These unanswered questions motivate the following research objectives
of this thesis:

1. Evaluating and modelling the dependence of the sensing radius on
the dimensions of the probe and on the dielectric properties of the
investigated tissue;

2. Evaluating how the volume occupied by a tissue (within the sensing
volume), the tissue location and the tissue dielectric properties impact
the tissue dielectric contribution to the acquired data;

3. Evaluating further challenges regarding the correlation between dielec-
tric data and histological information by conducting post-measurement
histological analysis and identifying novel techniques to overcome such
challenges.

The first two research objectives listed above are achieved by conducting
a number of custom dielectric measurements and numerical simulations
involving several probes having different geometry and dimensions, and a
variety of heterogeneous tissue-mimicking materials and biological tissues.
Secondly, the last research objective is achieved by conducting histological
analysis of a subset of heterogeneous biological samples previously charac-
terised dielectrically. Finally, due to the numerous challenges involving the
correlation between dielectric data and histology images, microComputed
Tomography (CT) is proposed as alternative technique to support dielectric
characterisation of heterogeneous biological samples.

The specific research contribution of this thesis are summarised in the
following sections, including journal and conference publications arising from
these contributions.
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1.2 Thesis contributions

Significant contributions are presented in the chapters of this thesis ad-
dressing the challenges regarding accurate dielectric characterisation of
heterogeneous biological tissue samples. The specific novel contributions of
this thesis are as follows:
• Open-ended coaxial probe measurement protocol and meta-data anal-

ysis;
• Sensing radius analysis and modelling;
• Sample tissue dielectric contribution analysis and modelling;
• Sample tissue dielectric characterisation through histology.

Open-ended coaxial probe measurement protocol and meta-data
analysis

The main steps of the open-ended coaxial probe measurement protocol are:
calibration, validation, sample handling, sample dielectric measurement and
sample post-processing. Each step of the measurement protocol is reviewed
in Chapter 3 to investigate common practices, challenges, and techniques
for controlling and/or compensating for confounders. This investigation
highlights the importance of reporting the meta-data corresponding to
each step of the measurement protocol to support the interpretation of
the measured dielectric properties. For instance, the meta-data for the
calibration and validation steps include calibration settings and calibration
and validation materials. The meta-data for the remaining steps include
measurement time from excision, sample temperature and sample tissue
content. In particular, the meta-data regarding the sample tissue content
may come from post-measurement histology, which is required for the
interpretation of the dielectric properties from heterogeneous samples. In
fact, histology enables identification of the constituent tissue types in the
sample that may have contributed to the acquired dielectric properties.
The importance of histology for an accurate dielectric characterisation of
heterogeneous tissues is highlighted in the last section of Chapter 3.

Furthermore, the minimum information required for an exhaustive inter-
pretation of the acquired data resulted in the design of a database relating
tissue dielectric data to the correspondent meta-data.

Sensing radius analysis and modelling
Knowledge of the sensing depth and sensing radius of the measurement

probe supports the dielectric characterisation of heterogeneous tissues. In the
literature, extensive studies have been conducted to investigate the sensing
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depth. On the other hand, the sensing radius has been analysed in selected
scenarios with limited number of probes and tissue-mimicking materials.
Therefore, in Chapter 4, the sensing radius is examined both numerically
and experimentally with a range of probes of different dimensions and a
wide variety of materials including biological tissues. In particular, for
the quantitative estimation of the sensing radius, concentric samples are
used, in the same way as layered samples have been used in the literature
for the estimation of the sensing depth. Then, the sensing radius values
obtained from a set of probes and interrogated concentric samples are used
to develop linear regression and neural network models. These mathematical
models enable prediction of the sensing radius from knowledge of the probe
dimensions and the dielectric properties of the interrogated sample. Thus,
the developed models presented in Chapter 4 support accurate quantitative
estimation of the sensing radius, which enhances the interpretation of the
dielectric properties measured from heterogeneous samples.

Sample tissue dielectric contribution analysis and modelling
For an accurate dielectric characterisation of highly heterogeneous bio-

logical tissues, knowledge of the sensing volume needs to be accompanied
by knowledge of the dielectric contribution of each tissue constituting the
sensing volume. In past studies, the dielectric contribution of layered mate-
rials within the sensing depth has been thoroughly examined. Conversely,
there are no quantitative studies in the literature investigating the dielectric
contribution of radially heterogeneous materials within the sensing radius.
To this extent, Chapter 5 presents both dielectric measurements and numer-
ical simulations performed on several well-controlled radially heterogeneous
samples. Across all the measured and simulated sample, the dielectric con-
tribution of the tissues within the sensing volume is quantitatively estimated
and modelled. The models described in Chapter 5 enable prediction of
the sample dielectric properties from a priori information regarding the
structure, the location and the dielectric properties of each constituent
tissue. Thus, the analysis and modelling of the tissue dielectric contribution
within the sensing volume further improves the dielectric characterisation of
heterogeneous samples.

Sample tissue dielectric characterisation through histology
Further challenges in the dielectric characterisation of heterogeneous sam-

ples are investigated in Chapter 6. These challenges involve the correlation
of the measured dielectric data with the sample tissue content obtained
from post-measurement histology. For instance during the histology pro-
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cess, sample fixation and processing modify the sample tissue morphology
and the sample slicing can irreversibly damage the tissues. Due to these
limitations, in Chapter 6, a novel histological technique based on microCT
images is presented, which enhances the interpretation of dielectric data
from heterogeneous samples. MicroCT-based histology is non-destructive,
less invasive and less time-consuming than traditional histology. Therefore,
MicroCT-based histology has the potential to support accurate dielectric
characterisation of heterogeneous biological samples.

The novel contributions above have been published in journal articles
and conference publications that are listed in the following section.

1.2.1 Journal and Conference publications

Open-ended coaxial probe measurement protocol and meta-data
analysis:

1. A. La Gioia, E. Porter, I. Merunka, S. Salahuddin, A. Shahzad, M.
Jones, and M. O’Halloran, “Open-ended Coaxial Probe Technique for
Dielectric Measurement of Biological Tissues: Challenges and Common
Practices,” Diagnostics, 8, 40, 2018.

2. E. Porter, A. La Gioia, S. Salahuddin, S. Decker, A. Shahzad, M. A.
Elahi, M. O’Halloran, O. Beyan, “Minimum information for dielectric
measurements of biological tissues (MINDER): A framework for re-
peatable and reusable data,” International Journal of RF and MW
Computer-Aided Engineering, Article ID: e21201, 2017.

3. E. Porter, A. La Gioia, S. Salahuddin, A. Shahzad, M. A. Elahi,
and M. O’Halloran, “Minimum Reporting Requirements for Dielec-
tric Property Measurements of Biological Tissues,” 12th European
Conference on Antennas and Propagation (EuCAP), London, UK,
2018.

4. M. R. Karim, M. Heinrichs, L. C. Gleim, M. Cochez, E. Porter, A.
La Gioia, S. Salahuddin, M. O’Halloran, S. Decker, and O. Beyan,
“Towards a FAIR Sharing of Scientific Experiments: Improving Dis-
coverability and Reusability of Dielectric Measurements of Biological
Tissues,” Proceedings of the 10th International Conference on Seman-
tic Web Applications and Tools for Health Care and Life Sciences
(SWAT4LS), Rome, Italy, Dec. 4-7, 2017.

Sensing radius and dielectric contribution investigation:
1. A. La Gioia, S. Salahuddin, M. A. Elahi, M. O’Halloran, and E.

Porter “Investigation of histology radius in dielectric measurements
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of heterogeneous materials,” IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 25, no. 3, pp. 1065–1080, 2018.

2. A. La Gioia, S. Salahuddin, M. O’Halloran, and E. Porter, “Quan-
tification of the Sensing Radius of a Coaxial Probe for Accurate
Interpretation of Heterogeneous Tissue Dielectric Data,” IEEE Jour-
nal on Electromagnetics, RF, and MWs in Medicine and Biology, vol.
2, no. 3, pp. 145–153, 2018.

3. A. La Gioia, M. O’Halloran, and E. Porter, “Modelling the Sensing
Radius of a Coaxial Probe for Dielectric Characterisation of Biological
Tissues,” IEEE Access, vol. 6, pp. 46516–46526, 2018.

4. A. La Gioia, A. Santorelli, M. A. Elahi, M. O’Halloran, and E.
Porter,“Predicting the Sensing Radius of a Coaxial Probe based on the
Probe Dimensions,” IEEE Transactions on Antenna and Propagation
Systems. (Under review)

5. A. La Gioia, M. O’Halloran, and E. Porter, “Sensing Radius of an
Open-Ended Coaxial Probe for Dielectric Measurement of Tissues:
Calculation with Relative Permittivity versus Conductivity,” URSI
AP-RASC 2019, New Delhi, India, 2019.

6. A. La Gioia, M. O’Halloran, and E. Porter, “Modelling of Tissue
Dielectric Contribution Within the Sensing Radius of a Coaxial Probe,”
1st EMF-Med World Conference on Biomedical Applications of Elec-
tromagnetic Fields, Split, Croatia, 2018.

7. A. La Gioia, E. Porter, S. Salahuddin, and M. O’Halloran, “Impact
of Radial Heterogeneities of Biological Tissues on Dielectric Measure-
ments,” 2017 19th International Conference on Electromagnetics in
Advanced Applications (ICEAA), Verona, Italy, 2017, pp. 421-424.
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Sensing depth and dielectric contribution investigation:
1. E. Porter, A. La Gioia, A. Santorelli and M. O’Halloran, “Modelling

of the Dielectric Properties of Biological Tissues within the Histology
Region,” IEEE Transactions on Dielectrics and Electrical Insulation,
vol. 24, no. 5, pp. 3290-3301, 2017.
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1.3 Thesis structure

The remainder of this thesis describes the background, the dielectric mea-
surement technique, and methods and results used to address the research
objectives.

Chapter 2 introduces dielectric properties and related measurement
techniques, and underscores the motivation of this dissertation by reviewing
past and recent dielectric studies together with their reported inconsistencies.

Chapter 3 critically reviews each step of the protocol concerning di-
electric measurement of biological tissues with a coaxial probe, from the
system settings and calibration to the post-measurement analysis. As part
of the post-measurement analysis, this chapter describes and reviews also
the histological analysis, which is normally conducted for the dielectric char-
acterisation of heterogeneous tissues. Specifically, at the end of Chapter 3,
the challenges in combining dielectric and histological data for an accurate
dielectric characterisation of heterogeneous biological tissues are highlighted
and the motivation for the studies detailed in Chapter 4, Chapter 5 and
Chapter 6 is provided. In the final section of Chapter 3, the sensing volume
of the coaxial probe and the dielectric contribution of each tissue consti-
tuting the heterogeneous biological sample are identified as main sources
of data uncertainty when combining dielectric data with the histological
information.

Since the sensing volume consists of the sensing radius and sensing depth,
and the sensing depth has been thoroughly examined in several recent
dielectric studies, Chapter 4 focuses on the sensing radius. Firstly, the
sensing radius is defined as the minimum radius of the homogeneous tissue
region required to accurately acquire only the dielectric properties of that
homogeneous tissue without the influence of the surrounding tissues. As the
sensing depth has been investigated in the literature by conducting dielectric
experiments and numerical simulations on layered material samples, in Chap-
ter 4, the sensing radius is investigated both experimentally and numerically
by examining concentric tissue-mimicking materials and biological tissues.
Then, the sensing radius is calculated in a number of scenarios involving
different coaxial probes and concentric samples in order to evaluate the
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dependence of the sensing radius on both the physical dimensions of the
probe and the dielectric properties of the investigated sample. Lastly, the
results are also modelled in order to support prediction of the sensing radius
for a subset of biological samples, with the aim of improving the dielectric
characterisation of biological samples presenting radial heterogeneities.

As the dielectric contribution of tissues within layered structures has
been investigated in the literature in the context of determining the sensing
depth, in Chapter 5, the dielectric contribution of tissues constituting differ-
ent radially heterogeneous biological samples is investigated. This analysis
has the aim of supporting the dielectric characterisation of radially heteroge-
neous tissue samples within which it is not possible to find a homogeneous
tissue region with radius larger than the sensing radius. In particular, the
dielectric contribution of single tissues is analysed within tissue-mimicking
and biological samples that consist of two side-by-side or concentric materials
(or tissues). Both the experimental and numerical outcomes of this analysis
suggest that the dielectric properties of radially heterogeneous samples de-
pend on the spatial distribution of each material within the sensing radius,
and that the bulk dielectric properties of concentric heterogeneous tissues
highly depend on the properties of each constituent material within the
sensing radius.

In Chapter 6, the significance of the experimental findings summarised in
Chapter 4 and Chapter 5 is demonstrated in the dielectric characterisation
of radially heterogeneous biological samples. In particular, biological tissue
samples are analysed histologically after the acquisition of their dielectric
properties. Due to the numerous challenges of conducting post-measurement
histological analysis in the traditional way, micro computed tomography
(microCT) is investigated as an alternative histological technique to histology
for accurately attributing the acquired dielectric data to the tissue content
of a heterogeneous sample. Thus, the potential advantages of microCT over
traditional histology are discussed with the aim of improving the dielectric
characterisation of heterogeneous biological samples.

Lastly, a concise summary and discussion of the experimental findings
are provided in Chapter 7. In particular, this final discussion highlights
the applicability of the outcomes of this thesis only to biological samples
with simple heterogeneous structures, and emphasises the challenges in
dielectrically characterising biological samples consisting of more complex
heterogeneous structures.
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Chapter 2

Dielectric properties of biological
tissues

In this chapter, fundamental background information regarding the dielec-
tric properties of biological tissues is provided, ranging from the physical
principles of the dielectric properties of biological tissues to the current
state-of-the-art in the acquisition of the dielectric properties of biological
tissues over the MW frequency range.

Firstly, the theoretical aspects of the dielectric spectrum of biological
tissues are introduced, including the definition of the dielectric proper-
ties, the dielectric dispersions of biological tissues and the mathematical
representation of such data.

Next, the current techniques used to dielectrically characterise biological
tissues in the MW frequency range are discussed. For each acquisition
technique, the basic operating principle is provided along with the known
advantages and drawbacks. Due to key advantages of the open-ended coaxial
probe technique over the other measurement techniques, the open-ended
coaxial probe technique is then discussed in more detail and is the focus of the
following sections and chapters of this thesis. Finally, the main studies in the
literature involving characterisation and acquisition of dielectric properties
of biological tissues with a coaxial probe are reported chronologically. In
particular, gaps and challenges in dielectrically characterising biological
tissues with the open-ended technique are identified. Methods to address
these challenges are reviewed in Chapter 3 in order to define the measurement
protocol used for the dielectric characterisation of tissue-mimicking materials
and biological tissues in this thesis.

2.1 Theoretical background

In this section, the theoretical background of the dielectric properties of
biological tissues is introduced. Specifically, in Section 2.1.1 the interaction
of EM fields with biological tissues is described and the definition of dielectric
properties is provided. In Section 2.1.2, the dispersion regions characterising

13



CHAPTER 2. DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES

the dielectric spectrum of biological tissues are reviewed. Lastly, in Section
2.1.3, the mathematical models used to graphically represent the dispersion
regions are presented.

2.1.1 Definition of dielectric properties

Biological tissues possess bound charges (polar molecules) that are charac-
terised by a dipole moment and free charges (ions). After the application of
an external electric field, polar molecules, or dipoles, change orientation op-
posing to the applied field and positive ions get separated from negative ions.
Specifically, the electric field causes different mechanisms of polarisation,
which generate both displacement and conduction currents [41], [45], [67].
As a result, both electric flux density, or electric displacement field, D [ C

m2 ]
(that accounts for the effects of free and bound charges) and conduction
electric current density J [ A

m2 ] (that accounts for the effect of displacement
and ionic currents) vary directly with the strength of the electric field E [ V

m
]

and are defined by the following constitutive relations [68]:

D (ω) = ε0ε
∗ (ω)E (ω) , (2.1)

J (ω) = σ (ω)E (ω) , (2.2)

where ω = 2πf [1
s
] is the angular frequency, with f [1

s
] the frequency of

the applied field, ε0 [ F
m

] is the permittivity of the vacuum, ε∗ is the unitless
relative complex permittivity, and σ [ S

m
] is the electric conductivity. The

relative complex permittivity, also generically called “complex permittivity”
or “permittivity”, is a constitutive parameter, which defines the dielectric
properties of biological tissues and is related to the electric conductivity by
the following expression:

ε∗ (ω) = ε′ (ω)− jε′′ (ω) = ε′ (ω)− j σ(ω)
ωε0

, (2.3)

where j =
√
−1, ε′ is the real part of the complex permittivity, also denoted

as εr and called “relative permittivity”, ε′′ is the imaginary part of complex
permittivity. The relative permittivity expresses the ability of the tissue
to store energy from an external electric field, and the imaginary part of
permittivity is related to the electrical conductivity and is a measure of
the dissipative nature of the tissue, which absorbs energy and partially
converts it to heat [41], [45], [67]. Furthermore, the dielectric properties are
temperature-dependent, and, generally, for small increases of temperature,
the relative permittivity decreases and the conductivity increases [31], [41].
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In other words, the complex permittivity defines the interaction of a
biological tissue with an external electric field, determining the spatial extent
to which the electric field can penetrate into the tissue and how electric
energy propagates through the tissue. Also, dielectric properties are used to
derive parameters that define EM wave propagation into biological tissues,
such as the propagation constant and wave impedance.

Furthermore, Eq. (2.1), Eq. (2.2) and Eq. (2.3) express the dependence
of dielectric properties on the frequency of the applied external electric field.
In fact, the tissue response to a time-varying electric field is not instant but
time-dependent. Specifically, when a biological tissue is excited by a time-
varying electric field, the dipoles in the tissue orient with the direction of the
field and then relax back toward the steady orientation with a characteristic
time constant τ [s], which is related to the relaxation frequency, fc, where
fc = (2πτ)−1 [45]. In each biological tissue, a number of different polarisation
mechanisms and, then, relaxation processes (or dispersion phenomena) occur
at different frequency bands. The main dispersion regions of biological tissues
are detailed in the following section.

2.1.2 Dielectric dispersions

The dielectric spectrum of a biological tissue is characterised by three main
dispersion regions, α, β and γ, and other minor dispersions including the δ
dispersion.

The α dispersion arises from the ionic diffusion associated with fixed
charges on cell membranes. The relaxation frequency (that is around 100
Hz) is proportional to the mobility of the ions. In the α region, the relative
permittivity of tissues has a magnitude of about 106 [45], [67].

At intermediate frequencies between 50 kHz and 3 MHz, the β dis-
persion is caused by the capacitive charging of cell membranes through
electrolytes [67], [69]. In this frequency range, the relative permittivity can
vary from 105 down to 102.

At MW frequencies ranging from 100 MHz up to 50 GHz, the γ dispersion
is caused by the relaxation of water molecules, which act as permanent
dipoles that follow the alternating electric field [67]. In this MW range, the
dielectric properties depend primarily on the tissue water content [67], [69].
In the γ region, the relative permittivity magnitude ranges from 102 to 100.

Over a limited frequency range from 0.1 to 3 GHz, the δ dispersion also
occurs. The δ dispersion is thought to be caused by the dipolar relaxation of
bound water [67], [70]. However, the δ dispersion is relatively poorly defined
since it overlaps with the strong γ dispersion.
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Figure 2.1: Logarithmic plot of the major dielectric dispersion regions, α, β and γ, for
bone and muscle tissue. Relative permittivity data is from Gabriel et al. [46]. The α
region arises from the ionic diffusion associated with fixed charges on cell membranes
and is centred around 102 Hz, the β region is caused by the capacitive charging of cell
membranes through electrolytes and covers frequencies between 104 and 107 Hz, and
the γ dispersion is caused by the relaxation of water molecules and occurs in the range
from 108 up to 1010 Hz. In the plot, the δ dispersion that is thought to be caused by
the dipolar relaxation of bound water is not depicted since it overlaps with the strong γ
dispersion.

The main dielectric relaxation regions α, β and γ are depicted in Fig. 2.1,
for bone and muscle tissue. The relative permittivity values are higher for
muscle than for bone, since muscle tissue contain more electrolytes and water
than bone tissue. The two curves are obtained from the dielectric models
by Gabriel et al. [46]. Details regarding dielectric models are provided in
the following section.
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2.1.3 Dielectric models

Differential equations have been developed to model the dielectric dispersions
of biological tissues and other polar materials. A dispersion region is generally
described by first order differential equations that lead to single time constant
responses [67]. However, since, in biological materials, several relaxation
processes may occur in parallel, the total response of a specific tissue may
be characterised by several time constants characterising the poles (one per
relaxation process) of the differential equations of the dielectric model [71].

Dielectric models are generally used to fit dielectric data, thus reducing
measurement data points to closed form equations and convenient graphical
representations [10], [71]. These models allow the calculation of the relative
permittivity and conductivity (or imaginary part of the complex permittivity)
values at any desired frequency within the range for which the relaxation
equation is valid [71], [72].

The most common models used to fit the dielectric data of aqueous
electrolytic solutions and tissues are: Debye, Cole-Cole and Cole-Davidson
models [73].

The Debye relaxation is the dielectric relaxation response of an ideal,
non-interacting dielectric material to an alternating external electric field.
The dielectric response of a first order system in the frequency domain can
be expressed as:

ε∗ (ω) = ε∞ +
εs − ε∞
1 + jωτ

, (2.4)

where ω and τ were defined in Section 2.1.1, ε∞ refers to the permittivity at
infinite frequencies, and εs is the static (low frequency) permittivity. Eq. (2.4)
does not take into account the dissipative effects of the material [45]. Then,
Eq. (2.4) can be expanded including a static conductivity term, σs, as
follows:

ε∗ (ω) = ε∞ +
εs − ε∞
1 + jωτ

+
σs
jωε0

. (2.5)

Eq. (2.5) does not present a conductivity term at infinite frequencies, since
the conductivity at such frequencies tend to zero [74]. As a modification of
the Debye model, the Cole-Cole model is commonly used as a physics-based
representation of wideband frequency-dependent dielectric properties [71].
In the Cole-Cole first order equation the empirical variable α is introduced
to account for the statistical distribution of the relaxation time and Eq. (2.5)
becomes:
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ε∗ (ω) = ε∞ +
εs − ε∞

1 + (jωτ)1−α +
σs
jωε0

. (2.6)

In general, the Debye, Cole-Cole and Cole-Davidson models can be
represented collectively by the Havriliak–Negami relaxation [73] (that does
not include the static conductivity σs), which is an empirical modification of
the Debye relaxation model, accounting for the asymmetry and broadness
of the dielectric dispersion curve, as follows:

ε∗ (ω) = ε∞ +
εs − ε∞

[1 + (jωτ)1−α]β
. (2.7)

When α = 0 and β = 1, Eq. (2.7) is equivalent to Eq. (2.4), and
corresponds to the Debye model. For 0 < α < 1 and β = 1, Eq. (2.7) results
in the Cole-Cole equation (Eq. (2.6)). Lastly, for α = 0 and 0 < β < 1,
Eq. (2.7) corresponds to the Cole-Davidson equation. In Eq. (2.7), the
empirical variable β acts to account for the asymmetry of the statistical
distribution of the relaxation time [73]. While all of these models are used
for fitting polar aqueous solutions, biological tissue data is generally fitted
with Debye and Cole-Cole models [10], [71].

The equations described present a single relaxation; however, if the
dielectric behaviour of a material is analysed across a wide frequency range,
more relaxation processes occur and more poles (corresponding to the
different relaxation times of the material) must be introduced to describe
the properties of the material [67]. Biological tissues are generally described
in terms of multiple Cole-Cole dispersions, which is a physics-based compact
representation of wideband frequency-dependent dielectric properties [71].
Importantly, these models allow for the dielectric properties of biological
tissues to be easily incorporated into sophisticated computational models.

In the next section, the most common measurement techniques used
to acquire dielectric properties of biological tissues in the MW frequency
range are summarised and discussed. This thesis focuses on the dielectric
properties of biological tissues in the MW range, since a large number of
EM-based diagnostic and therapeutic devices operate within this range.

2.2 Measurement techniques

Different techniques have been used to measure the dielectric properties of
biological tissues in the MW range, including the transmission line, open-
ended coaxial probe, and perturbation cavity methods [50]. The three
techniques are illustrated in Fig. 2.2 and are overviewed in the next sections
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by highlighting the advantages and drawbacks of each. For any given set of
dielectric measurement experiments, the selection of the measurement tech-
nique depends on specific requirements concerning either the characteristics
of the sample or the measurement system, such as:
• In vivo/Ex vivo samples;
• Broadband or single frequency measurement;
• Sample size restrictions;
• Required measurement accuracy;
• Measurement complexity.

2.2.1 Transmission line

In transmission line measurement methods, a sample is placed in a coaxial
line or, in the case of anisotropic tissue, in a rectangular waveguide so that
the field polarisation may be varied [75]. The transmission line is connected
to two ports of a Vector Network Analyser (VNA) in order to acquire the
scattering parameters S11 and S21 [76], [77], which are then converted into
the complex permittivity (dielectric properties) of the tissue. The two most
commonly used conversion methods are the Nicolson-Ross-Weir (NRW)
method [78], [79], and the NIST iterative conversion method [80], [81]. The
NRW method provides a direct calculation of permittivity from the complex
reflection and transmission coefficients obtained from the S-parameters [78],
[79], [82], [83]. Other common conversion methods are iterative and receive
the initial guess from the NRW method or users’ input [82]. The algorithm
developed to implement the NIST iterative conversion method is reported
in detail in Baker-Jarvis et al. [80]. The NIST iterative conversion method
is generally more stable than the NRW approach, which fails for low loss
samples of arbitrary length [80].

The transmission line method allows accurate measurements (with a
typical average accuracy within 5%) at room temperatures over a large
frequency range [50], [77], [80]. The measurement accuracy can be smaller
for temperatures higher than room temperatures in coaxial lines, due to
the difficulty in controlling the temperature of the inner conductors in
such conditions [50]. Conversely, waveguides are suitable for accurate
measurements of larger samples (i.e., samples with the size of the waveguide)
at temperatures higher than room temperatures and at frequencies up to 2.45
GHz, which is the frequency point normally used in MW ablation. However,
in case of samples with size smaller than 2 mm, a coplanar waveguide
(with a circular aperture with a diameter of approximately 2 mm) can
be used to facilitate the sample pre-processing [50], [84]. For instance,
coplanar waveguide systems were used to dielectrically characterise white
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(a)

(b)

(c)

Figure 2.2: Schematised measurement set-up of the three techniques: (a) transmission
line, (b) cavity perturbation and (c) open-ended coaxial probe. Portions of this figure
were adapted from [75]. The transmission line technique (a) consists of placing a sample
in a coaxial line that is connected to two ports of a VNA to acquire the scattering
parameters S11 and S21, which are then converted into complex permittivity. The cavity
perturbation method (b) consists of inserting a sample with width smaller than 1 mm
into a resonant cavity, thus altering resonant frequency (f) and quality factor (Q) of the
cavity. Then, the dielectric properties are computed using the frequency, the Q-factor,
and the volume of the sample. Lastly, the open-ended coaxial probe (c) consists of a
truncated section of a transmission line connected to one port of the VNA. The sample is
placed in contact with the probe and reflects the transmitted signal back to the VNA,
which generally converts the resulting S11 parameters into complex permittivity.

20



CHAPTER 2. DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES

and grey matter from rat brain tissue samples [85]. Coplanar waveguides
were also used in microfluidic devices to acquire the dielectric properties of
haemoglobin solutions and E. coli populations [86].

Samples up to five centimetres in size can be measured in a coaxial line,
although this method also requires careful sample preparation in order to
shape the sample to fit the line, and the method generally assumes that
there are no air gaps in or around the sample and that the sample has
smooth flat faces [75]. Thus, the transmission line method is unsuitable for
in vivo measurements and is not recommended for ex vivo measurements
of semisolid or solid biological samples. However, the transmission line
technique can be suitable for the measurement of biological fluids. For
instance, the transmission line has been used to measure tissue-mimicking
liquid phantoms in the study by Shibata et al. [87] and to quantify the
edema in brain tissue in the study by Reinecke et al. [77].

2.2.2 Cavity

The cavity perturbation method consists of a resonant cavity that resonates
at specific frequencies. The tissue samples are inserted into the cavity and
analysed by measuring the resonant frequency (f) and quality factor (Q),
which are altered by inserting the tissue sample [50], [75], [88]–[90]. The tissue
dielectric properties are then computed using the frequency, the Q-factor,
and the sample volume. Details regarding the mathematical formulation to
obtain the permittivity of the sample are reported by Campbell et al. [70].
However, the resonant frequency and quality factor are generally computed
automatically with a VNA. Since the maximum change in resonant frequency
is achieved when a small perturbation occurs at the maximum intensity of
the cavity mode, the cavity perturbation method requires a sample with
thickness smaller than 1 mm [50], [89].

Dielectric measurements performed using the cavity perturbation method
can be highly accurate (with an accuracy to within 4%), but only provide
dielectric data at a single frequency (in the upper MW frequency range
of 1-50 GHz) [89]. While the equipment needed for cavity perturbation
measurements is readily available, the sample preparation is relatively com-
plicated, requiring an excised tissue sample to be cut and moulded to a
precise size and shape to fit into the cavity [75], [89]. This process may
introduce air pockets within the sample or between the sample and the
cavity, loss of fluid in the tissue (which would affect the tissue properties),
and an increase in density from pushing the tissue into the cavity (which
could also affect tissue properties) [89]. Due to the required sample size and
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thus sample preparation, achieving accurate biological tissue measurements
with the cavity perturbation method is highly challenging.

To date, there are only a few studies in the literature that have used
cavity perturbation techniques to characterise biological tissues [88], [89].
For instance, the cavity perturbation technique has been used to detect the
dielectric properties of healthy, benign and malignant breast tissue at 3.2
GHz by Campbell and Land [89]. In particular, in this study, Campbell
and Land demonstrated the capability of the cavity perturbation technique
of dielectrically differentiating healthy breast tissue from cancerous breast
tissue [89].

2.2.3 Open-ended coaxial probe

The open-ended coaxial probe consists of a truncated section of a trans-
mission line that is connected to one port of a VNA. The electromagnetic
field propagates along the coaxial line and reflection occurs when the elec-
tromagnetic field encounters an impedance mismatch between the probe
and the tissue sample. The reflected signals at different frequencies are
measured, and then the resulting S11 parameters are converted into complex
permittivity values, which can be calculated using different mathematical
models [91]–[95].

The open-ended coaxial probe has become the most commonly used
method to measure the dielectric properties of tissues for several reasons:
the method allows measurements at different temperatures; sample handling
is minimal and non-destructive; and both ex vivo and in vivo measurements
over a broad frequency range are possible [42], [46], [47], [50], [96]. However,
the open-ended coaxial method is based on the assumption that a homo-
geneous sample is in good contact with the probe; therefore, air bubbles
and uneven sample surfaces can result in inaccurate measurements [75],
and heterogeneous samples present a particular challenge. There are also
limits to the magnitudes of material properties that can be measured re-
liably [75]. The limits of what can be measured depend on a number of
factors, including the probe design and materials (and therefore the probe
impedance), precision of probe fabrication procedure, calibration procedure
(standards used) and the capabilities of the measurement device (i.e., the
VNA). Furthermore, the accuracy of the measurement conducted with the
open-ended coaxial probe technique can be estimated in different ranges of
complex permittivity, and the error in accuracy generally ranges from 1 up
to 10% [47].

Overall, many challenges associated with tissue dielectric property mea-
surements may arise in each of the above measurement techniques, e.g.,
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issues related to temperature change, and tissue heterogeneity. Since the
coaxial probe technique is by far the most commonly used method for tissue
measurements [10], [12], [15], [42]–[44], [46], [51], [52], [54], [58], [76], [97], it
is examined in more detail in the subsequent sections.

2.3 Open-ended coaxial probe technique:

Electromagnetic theory and design

advances

The open-ended coaxial probe technique consists of placing a tissue sample
in contact with the probe, after calibrating the measurement system, which
consists of the probe connected to one port of the VNA through a specialised
cable or L-shaped connector. Details regarding the calibration and the
measurement process is described in Chapter 3. Instead, in this section, the
state-of-the-art of coaxial probes in the literature is reported after providing
the theoretical background involving the EM interaction between a coaxial
probe and a tissue sample. In particular, in Section 2.3.1, the theoretical
basis of EM transmission across a coaxial probe and the interaction between
the coaxial probe and the biological sample are presented. In Section 2.3.2,
the empirical models used to convert the EM reflected signal into complex
permittivity are described in detail. Lastly, in Section 2.3.3, the evolution
of the open-ended coaxial probe through past and more recent dielectric
studies is discussed.

2.3.1 Electromagnetic transmission across a coaxial
probe

The design of a coaxial probe is based on the theoretical assumption that
the sample interrogated by the probe occupies a semi-infinite volume so
that the acquired signal is due only to the impedance mismatch between
the system and the sample [91], [98]. A coaxial probe, generally, consists of
an inner conductor of radius a, an insulator of width c having low relative
permittivity εr (i.e., relative permittivity close to that of air), and an outer
conductor having an inner radius b. Ideally, in order to minimise EM signal
attenuation, the probe insulator is lossless and the conductors are perfect
conductors (i.e., the conductors have infinite conductivity). An illustration
of the top view of a coaxial probe, with its dimension a, b and c, is shown in
the top left picture of Fig. 2.3. In the other pictures of Fig. 2.3, illustrations

23



CHAPTER 2. DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES

of the EM propagation across the probe and the sample are provided; this
information is further explained in the following paragraphs.

In a dielectric measurement, from the VNA, an input voltage signal of
magnitude V [V ] is applied between the two conductors at the entrance of
the coaxial line so that V (a) = V and V (b) = 0. The input signal propagates
along the coaxial line in TEM mode. Thus, within the coaxial line, the
generated electric and magnetic fields are perpendicular to the direction of
propagation of the signal, which is along the symmetry axis z of the coaxial
line. Specifically, the incident TEM mode has an electric field component Eρ
along the radial direction ρ, and a magnetic field component Hφ [T ] along
the azimuthal direction φ. Both electric and magnetic fields are illustrated
on a coaxial probe top cross-section in cylindrical coordinates in the top
right picture of Fig. 2.3. The fields generated by the incident TEM wave
exhibit no variations in the angular direction. As illustrated in the side
cross-section of a coaxial probe in contact with a sample in the bottom
picture of Fig. 2.3, at the probe-sample interface, part of the incident signal
is reflected back, and the rest is transmitted into the sample due to the
difference between the probe impedance Z [Ω] and the sample impedance
ZS. The reflection from the interface is considered as a series of reflected,
but evanescent, TM0n modes [92]. A detailed mathematical formulation of
the relationship between the incident and reflected EM waves as a function
of the impedance (or dielectric properties) of the sample is provided by
Levine and Papas [99].

For simplicity, in this section, the equivalent electrostatic formulation of
the incident TEM mode is reported, conveniently in cylindrical coordinates,
ρ, φ and z.

Considering V as the input voltage signal applied to the probe, the radial
component of the electric field is obtained from the gradient of the electric
potential field and can be expressed as follows [68]:

Eρ =
V

ln b
a

1

ρ
, (2.8)

where ρ can be any point across the radial extent of the coaxial probe
between the points delineated by a and b, which are the dimensions of the
probe previously defined and illustrated in Fig. 2.3.

Furthermore, considering the characteristic impedance η [Ω] of the insu-
lator between the two conductors:

η =

√
µ

ε0εr
, (2.9)
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(a) (b)

(c)

Figure 2.3: Diagrams illustrating the EM transmission along an open-ended coaxial
probe and the electric probe-sample interaction: (a) top cross-section of a coaxial probe
with indicated probe dimensions; (b) top cross-section of a coaxial probe with generated
EM signals; (c), side cross-section of a coaxial probe placed in contact with a sample. In
particular, (a) illustrates the inner and outer conductors, and the insulator characterised
by the relative permittivity εr, of a coaxial probe with dimensions a, b and c, which,
specifically, are inner conductor radius, outer conductor inner radius and insulator width,
respectively. Due to the TEM propagation mode generated by the application of a voltage
signal V between the two conductors, (b) depicts an electric field component Eρ along the
radial direction ρ, and a magnetic field component Hφ along the azimuthal direction φ.
In (b), the resulting generated current I encircling the probe is also labelled. In (c), the
side-view cross-section of the interaction between the probe and the sample is illustrated
by highlighting the radial electric field within the probe and the fringing electric field
across the sample, due to the impedance mismatch between the probe and the sample,
which have impedances of Z and ZS , respectively. When the electric field fringes, part of
the signal is transmitted into the sample and the rest of the signal is reflected back to
the probe. Note that the diagrams are not to scale.
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with µ [H
m

] and εr defining the magnetic permeability and the relative
permittivity of the insulator, respectively, the linear relationship between
the radial component of the electric field Eρ and the azimuthal component
of the magnetic field Hφ can be expressed as follows:

Hφ =
Eρ
η
. (2.10)

By taking into account Eq. (2.10), the azimuthal component of the
magnetic field can be defined as in Eq. (2.11):

Hφ =
V

η ln b
a

1

ρ
. (2.11)

By applying the Ampere’s law around the loop of radius ρ encircling the
inner conductor, the current I [A] can be defined as:

I = 2πρHφ =
2πV

η ln b
a

. (2.12)

It follows that the characteristic impedance of the line Z, which is
typically 50 Ω, can be expressed as:

Z =
V

I
= η2π

b

a
. (2.13)

Thus, the transmitted power PT [W ] can be expressed either in terms of
the voltage V or in terms of the maximum value of the electric field inside
the line, which occurs at ρ = a and is equivalent to Ea, as in Eq. (2.15) [68]:

Ea =
V

ln b
a

1

a
, (2.14)

PT =
1

2Z
|V |2 =

π |V |2

η ln b
a

=
1

η
|Ea|2 (πa2) ln

b

a
. (2.15)

Furthermore, in TEM mode, the propagation constant γ [ 1
m

] is related
only to the wave phase constant β, which is equivalent to the wave number
k. The propagation constant is then defined as follows:

γ = jβ = jk = jω
√
µε0εr. (2.16)

Consequently, the voltage and the current of the incident signal at a
certain length of the coaxial line z can be expressed as:

V (z) = V e−jβz, (2.17)
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I(z) =
1

Z
V e−jβz. (2.18)

The expressions in Eq. (2.17) and Eq. (2.18) take into account only the
incident or forward signal. However, at the probe sample interface, when
there is an impedance mismatch between the probe and the sample, part
of the signal is reflected and goes backwards. Thus, by taking into account
both forward and backward signals, the signals V (z) and I(z) can be defined
as:

V (z) = V +e−jβz + V −ejβz, (2.19)

I(z) =
1

Z
(V +e−jβz + V −ejβz), (2.20)

where the voltage signal is expressed as a sum of a forward and a backward
moving wave, with V + referring to the magnitude of the forward signal and
V − to the magnitude of the backward signal [68].

The ratio between reflected and incident voltage signals is related to
the impedances of the probe and the sample, Z and ZS, respectively. The
expression of the reflection coefficient at the probe-sample interface, Γ, is
given by:

Γ =
V −

V +
=

(ZS − Z)

(ZS + Z)
=

(1− Z
ZS

)

(1 + Z
ZS

)
. (2.21)

The reflection coefficient can be calculated at any point of the coaxial
line by using the propagation equation. Thus, the reflection coefficient
ΓL between two points, z1 and z2, along the line separated by distance
L = z2 − z1 is given by:

ΓL = Γe−2jβL. (2.22)

Due to the frequency-dependence of the signals, the reflection coefficient
Γ, also defined as S11, is complex and its magnitude ranges from -1 to 1.
From Eq. (2.21), it can be observed that, when the impedance of the sample
tends to infinity (ZS >> Z), in the case of the probe in contact with air
(i.e., open circuit), or to zero, in the case of the probe in contact with a
metal plate (i.e., short circuit), all of the incident signal is reflected back,
and the magnitude of Γ is equal to 1. Specifically, Γ is equal to 1 for the
case of open circuit and equal to -1 for the case of short circuit due to the
opposite phase. Also, from Eq. (2.21), it can be deduced that the lower the
impedance mismatch, the lower the magnitude of Γ. In fact, in the case of
matching impedances (ZS = Z), no part of the incident signal is reflected
back and Γ is equal to 0.
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Furthermore, from the calculation of the reflection coefficient, the ex-
pressions of reflected and dissipated power, PR and PD, respectively, can be
obtained as follows:

PR = |Γ|2 , (2.23)

PD = 1− |Γ|2 . (2.24)

Both reflected and dissipated power depend on the frequency and dielec-
tric properties of the sample interrogated by the probe. Specifically, the
dissipated power is related to the penetration depth of the signal transmitted
into the sample, which gives an extent of the sensing volume of the coaxial
probe. Further discussion regarding the sensing volume of a coaxial probe
and its calculation is provided in Chapter 4 of this dissertation.

In dielectric measurements involving the coaxial probe connected to
one port of the VNA, the reflection coefficient Γ is typically automatically
coverted into permittivity by the VNA embedded software. However, the
permittivity can also be obtained through applying mathematical models to
the measured reflection coefficient. Further details regarding the conversion
of the reflection coefficient into permittivity are reported in the next section.

2.3.2 Reflection coefficient conversion into
permittivity

Different methods to model the probe and convert the measured complex
reflection coefficient into complex permittivity have been developed [91],
[92], [95], [98], [100], [101].

These methods can be divided into two categories: full wave formulation
techniques and lumped equivalent circuit models [92], [102]. The former
provide more accurate permittivity values at the expense of the computa-
tional cost, while the latter are computationally simple and fast and can be
accurate for limited ranges of frequency and permittivity. Both categories
are discussed below.

2.3.2.1 Full wave formulation methods

Full wave formulation methods attempt a rigorous solution of the EM
field equations appropriate for a coaxial probe in contact with a dielectric
sample [92]. In the full wave formulation methods, the reflection coefficient
of the fundamental TEM mode in the coaxial probe is obtained numerically
by matching the electromagnetic fields at the interface between the coaxial
probe and the external dielectric material. The fields inside the line are
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expressed in terms of a superposition of the forward travelling TEM wave,
and the reflection from the interface is considered as a series of reflected,
but evanescent, TM0n modes. Mathematical formulation of the forward
problem is provided in several studies [92], [99], [102]. The solution of
the forward problem provides the reflection coefficient for a given material
permittivity, while the inverse problem finds the material permittivity for
a given reflection coefficient. Solutions to both the forward and inverse
problems are required for the calculation of the permittivity. Due to the
complexity of the inversion process, simplified approximate expressions can
be used to determine the dielectric properties [95]. Most of these relations
are derived from TEM variational formulation expressions, which are valid
for the calculation of the system admittance under certain assumptions [95],
[102]. Also, in some cases, the parameters of the probe were empirically
optimised by using known values of permittivity of dielectric media, such as
air and water [102].

Nowadays, these complex algorithms are generally embedded in the VNA
software [102]. However, conversion algorithms are still used to convert the
reflection coefficient obtained from numerical simulations into permittivity.
To this extent, the lumped equivalent circuit models are generally used due
to their simplicity and low computational cost [92].

2.3.2.2 Lumped equivalent circuit models

Lumped equivalent circuit models involve modelling the discontinuity at the
termination of the coaxial probe as an equivalent lumped circuit [103]. Differ-
ent lumped equivalent circuit models, such as the capacitive model [51], [93],
[101], the antenna model [101], [104], [105], and the virtual line model [101],
[106], were developed for use in conversion algorithms. These models, il-
lustrated in Fig. 2.4, all solve for the system admittance and then sample
permittivity using knowledge of both the reflection coefficient and the per-
mittivity of different numbers of known materials.

In particular, in the capacitive model, the discontinuity at the termination
of the coaxial probe is assumed to be purely capacitive, and is then modelled
as a lumped admittance Y with a capacitance Cf originating from the field
within the probe insulator and a capacitance C(ε∗) deriving from the fringing
field across the sample. Due to the two lumped elements, the capacitive
model has two unknowns, Cf and C(ε∗), which can be calculated from
knowledge of both the reflection coefficient and permittivity of two known
reference materials.

In the antenna model, the sample losses are taken into account by adding
a resistor with conductance G in parallel to the probe capacitance Cf and
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(a)

(b)

(c)

Figure 2.4: Schema of the lumped equivalent circuit models used to convert the reflection
coefficient into permittivity: (a) capacitive model, (b) antenna model, and (c) virtual line
model (adapted from [107]). In the capacitive model (a), the termination of the coaxial
probe is assumed to be purely capacitive, and is then modelled as a lumped admittance
Y [S] with a capacitance Cf [F ] originating from the fringing field within the probe
insulator, and a capacitance C(ε∗) deriving from the sample fringing field. In the antenna
model (b), the sample losses are taken into account by adding a resistor with conductance
G [S] in parallel to the probe capacitance Cf and the sample capacitance C(ε∗). Lastly,
in the virtual line model (c), the dielectric sample is modelled with a virtual transmission
line of length L, which has the same dimensions as the physical probe of length D and
terminates with an open circuit.
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the sample capacitance C(ε∗). The presence of an additional lumped element
(i.e., the resistor) in the antenna model results in the need for knowledge
of both the reflection coefficient and permittivity of three known materials
in order to achieve the conversion to dielectric properties of an unknown
material.

Lastly, in the virtual antenna model, the dielectric sample is modelled
with a virtual transmission line of length L, which has the same dimensions
as the physical probe of length D. The virtual transmission line terminates
with an open circuit, as shown in Fig. 2.4c. Due to the two unknown
variables, L and D, the virtual line model requires both the reflection
coefficient and permittivity of two known materials.

The accuracy of these models are related to the dielectric properties
of the reference materials used for the calculation of the permittivity of
the interrogated sample. Generally, the model accuracy is higher when the
dielectric properties of the known materials are spread uniformly across the
dielectric spectrum, and the reflection coefficient of the interrogated sample
is close to one of the reflection coefficients from the reference materials.
Furthermore, in the study conducted by Berube et al. [101], the accuracy
of the capacitive, antenna and virtual line models was investigated for a
specific subset of reference materials having different dielectric properties.
Among the three models, it was found that the virtual line model and the
antenna model are more appropriate for the calculation of the dielectric
properties of biological tissues [101].

Thus, the antenna model has been implemented in the work of this
dissertation, to process the simulation data that is presented in Chapter 4
and Chapter 5. For this reason, this model is described in more detail below,
before providing the state-of-the-art of the coaxial probe in terms of the
design and fabrication in Section 2.3.3.

In the antenna model, the permittivity of the sample interrogated by an
open-ended coaxial probe is calculated from the admittance at the probe-
sample interface [101]. Fig. 2.4b shows the equivalent circuit of the antenna
model. The admittance at the probe-sample interface is represented by two
capacitances and a conductance. Specifically, Cf is the capacitance originat-
ing from the field within the probe, C(ε∗) is the capacitance originating from
the fringing field across the sample, and G is the conductance of the sample
and is in parallel to the other capacitances. The normalised admittance of
this equivalent circuit Yc (Fig. 2.4b) is provided in Eq. (2.25):

Yc
Y

= jωCfZ + jωC(ω, ε∗)Z +G(ω, ε∗)Z, (2.25)

where Z is the characteristic impedance of the coaxial probe (50 Ω), Y = 1
Z

is
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the characteristic admittance of the coaxial probe, and ε∗ is the permittivity
of the sample interrogated by the probe.

In this model, the coaxial probe inserted into a lossy material mimics an
antenna radiating in a lossy medium. Thus, the admittance can be expressed
as in Eq. (2.26) [108]:

Yc(ω, ε
∗) =

√
(ε∗)Yc(

√
(ε∗)ω, ε0). (2.26)

Thus, Eq. (2.25) becomes:

Yc
Y

= jωCfZ + jωε∗CZ + ε∗
5
2GZ. (2.27)

Equation Eq. (2.27) can be also expressed in the form:

Yc
Y

= K1 +K1ε
∗ +K3ε

∗ 5
2 , (2.28)

where the factors K1, K2 and K3 are generally complex constants that are
calculated from the knowledge of reflection coefficient and permittivity of
three known reference materials. Then, once the complex values of K1,
K2 and K3 are known, the permittivity of the (unknown) interrogated
sample can be calculated from the normalised admittance. Discrepancies of
10% or more may occur between the measured and the expected values of
permittivity [92], [101]. However, the accuracy can be improved by using
references materials with very similar properties to those of the investigated
sample [101].

2.3.3 State-of-the-art of coaxial probe designs and
fabrication materials

Since the late 1970s, numerous studies involving the dielectric measurements
of biological tissues have been focused on probe design and fabrication,
system development, and systemic error correction techniques [42], [44], [76],
[93], [100], [109]. The majority of the custom probes were fabricated from
50 Ω semi-rigid coaxial cables [42], [44], [50], [76], [93], [100]. Probes were
customised based on the type and size of the tissue sample to be investigated,
and on the desired frequency range of the dielectric measurement study.

In terms of the probe fabrication and design, many custom-made probes
have been made of metal and Teflon [42], [44], [76], [100]. Burdette et al.
used a 2.1 mm diameter probe to perform in vivo and ex vivo measurement
on animal tissue over the frequency range of 0.1-10 GHz [42]. This probe
had a flange (i.e., a ground plane) to contain the electromagnetic field at
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the tip [42]. Kraszewski et al. performed in vivo animal measurements
over the frequencies 0.1-12 GHz using a Teflon-filled metal probe with a
3.2 mm external diameter [44]. Gabriel et al. used two Teflon-filled metal
probes for in vivo and ex vivo animal studies in order to acquire tissue
dielectric properties at both low and high frequencies [46]. The probe used
in the low frequency range (100 Hz-200 MHz) had an external diameter of
about 10 mm, and the smaller probe, used for dielectric measurements at
the frequency range between 0.2-20 GHz, had an external diameter of 2.9
mm [110]. Larger probes require larger sample size due to the increased
sensing volume (i.e., the region of the tissue that is interrogated by the
electric field of the probe). In both studies by Burdette et al. [42] and
Gabriel et al. [46], the probe tips of the inner and outer conductors were
plated with an inert metal, such as gold and platinum, to modify the effect of
electrode polarisation, which is a manifestation of chemical reactions between
the probe and the electrolytes (water molecules and hydrated ions) in the
tissue. Specifically, this plating process shifts the electrode polarisation,
normally occurring at low frequencies, to even lower frequencies (thereby
reducing the impact of polarisation in the frequency range of interest) [42],
[45], [110]. Popovic et al. reported that Teflon-filled copper probes, usually
used for broadband reflection coefficient measurements, can cause inaccurate
measurements because the probe aperture deteriorates easily and mechanical
flaws can occur [111]. The effects of small mechanical imperfections at the
probe tip were quantified on the measured reflection coefficient, and it was
found that mechanical flaws at probe tip can impact the measurements by
altering the reflection coefficient by up to 30% [111]. Notably, Teflon-filled
copper probes do not meet bio-compatibility requirements nor can they be
autoclaved (steam sterilised), both of which are required for safe in vivo
measurements on human patients [109].

More recently, borosilicate glass-filled stainless-steel open-ended coaxial
probes were designed and fabricated [75], [109]. For instance, the probe
fabricated in the study by Popovic et al. [109] consists of a 9.5 mm line filled
with low-loss porous silica, followed by a shorter line (2.3 mm) filled with
a borosilicate glass, with a 2.9 mm air-filled line between the two lines to
cancel out the parasitic effects in the transition region. Due to the use of
thermally constant and matched, inert, refractory materials, the borosilicate
glass-filled probes are biocompatible and suitable for high-temperature
sterilisation [109].

Over the last decade, a growing number of dielectric studies have been
conducted using commercial probes having designs similar to the probe by
Popovic et al. [12], [48], [54], [109], [112]. Modern commercial probes are
accurate [113], yet require specific sample dimensions and characteristics. In
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Table 2.1: Use of the commercial probes in recent works. Studies involving breast
tissues are shaded in grey. The others involve liver tissues, apart from the porcine skin
study conducted by Karacolak et al. [114].

Study Probe
Frequency
[GHz]

Tissue type Sample size

Halter
et al. [12]

Slim form (in
vivo) High
temperature
(ex vivo)

0.1-8.5
Ex vivo and in
vivo breast tu-
mour (human)

5 mm thick

Karacolak
et al. [114]

High tempera-
ture

0.3-3
Ex vivo skin
(porcine)

45x45x4 mm3

Lopresto
et al. [30]

Slim form 2.45
Ex vivo liver
tissue (bovine)

20x20x50 mm3

Sabouni
et al. [112]

Performance 0.5-20
Ex vivo breast
tissue (human)

NA

Abdilla
et al. [54]

Slim form 0.5-50

Ex vivo
muscle and
liver (bovine,
porcine)

60x60x40 mm3

Sugitani
et al. [15]

Slim form 0.5-20
Ex vivo breast
tissue (human)

50-300 mm di-
ameter

Peyman
et al. [48]

Slim form 0.1-5
Ex vivo liver
tissue (human)

20 mm thick

Martellosio
et al. [49]

Slim form 0.5-50
Ex vivo breast
tissue (human)

6 mm thick
and volume
between 700
and 1500 mm3

particular, Keysight probes, including the slim form probe, the performance
probe, and the high temperature probe, have been used in most of the
recent tissue dielectric studies [15], [49], [54], [112], [114]. Out of these, the
slim form probe is a common choice for tissue measurements due to its
small diameter and the fact that it can be steam-sterilised and thus used
in vivo [15], [49], [54]. The tissue dielectric measurements performed using
these commercial probes are summarised in Table 2.1.

2.4 State-of-the-art of dielectric properties

of biological tissues

This section presents the state-of-the-art of dielectric studies of biological
tissues in order to identify the topics that require further investigation.

Dielectric properties of biological tissues have been analysed since the
1940s [38]–[41]. Early studies focused on the theoretical aspects regarding
the interaction of electrical signals with cell suspensions and biological
tissues [39], [41].

Then, in the 1980s, the dielectric relaxation processes of biological tissues
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were further examined and modelled [45], [67], and increasingly the open-
ended coaxial line became the most common sensor for the acquisition of
the dielectric properties of animal and human tissues [42], [51], [52], [104],
[115]–[119]. The open-ended coaxial measurement technique was preferred to
the transmission line and cavity perturbation methods, since the open-ended
coaxial technique is non-destructive, and allows for ex vivo and in vivo
broadband measurements [42], [51], [93], [100], [104], as was discussed in
detail in Section 2.2.

In the 1990s, due to the increasing interest of developing numerical
models to simulate the interaction between EM signals and biological tis-
sues, dielectric studies focused on improving the open-ended coaxial probe
technique and the dielectric measurement protocol with the aim of obtaining
more consistent dielectric data [46], [98], [120], [121].

In the last two decades, additional studies have been conducted to further
refine the protocol for the acquisition of dielectric properties with a coaxial
probe due to design requirements of novel medical devices, such as MWI,
ablation and hyperthermia systems [10]–[12], [28], [30]–[32], [48], [49], [53],
[122]. In fact, since the target of these novel EM-based systems is cancerous
tissue, knowledge of the dielectric properties of cancerous tissue and the
respective contrast with the dielectric properties of the surrounding healthy
tissue is fundamental to optimising the design of such technologies. To this
extent, several studies were conducted to improve the dielectric characteri-
sation of cancerous tissues, which generally present complex structures and
thus high variance in terms of dielectric properties [11], [47], [49].

Overall, there have been a substantial number of dielectric studies re-
ported in the literature. Therefore, in Section 2.4.1, the state-of-the-art of
the dielectric measurement of animal and human biological tissues with a
coaxial probe is reported. Although several studies were conducted with the
aim of refining the dielectric measurement protocol and increasing measure-
ment repeatability, dielectric data is still inconsistent for a subset of tissues,
such as healthy adrenal gland and kidney, cancerous liver, and healthy and
cancerous breast. Thus, these data inconsistencies are presented in Section
2.4.2, after introducing two types of sources of uncertainty, which may have
affected and still affect dielectric measurements. However, each source of
uncertainty is analysed in more detail in Chapter 3.

2.4.1 Seminal dielectric studies of biological tissues

Since the late 1940s, a number of studies have been conducted ranging from
the development and refinement of dielectric models of biological tissues
to the design and optimisation of novel open-ended coaxial probes, which
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contributed to expanding human and animal tissue dielectric repositories [38]–
[41]. While a discussion on coaxial probe design and fabrication was reported
in Section 2.3.3, this section describes the state-of-the-art in tissue-based
dielectric studies, presented in chronological order.

In 1957, Schwan reported the dielectric properties of tissues and cell
suspensions after describing the measurement techniques and the dielectric
theories applicable to biological tissues [41]. About two decades later, in
1980, Schwan and Foster presented new data to accurately define the main
dielectric processes of biological tissues occurring across a wide range of
frequencies (from extra low frequency to MW range) [67].

In the same year, Stuchly and Stuchly, after reviewing and comparing
different coaxial line designs for measuring dielectric properties of biological
materials at RF and MW frequencies [104], tabulated the dielectric properties
of different tissues in the frequency range between 10 kHz and 10 GHz [43].
Furthermore, Burdette et al. presented a novel probe technique to accurately
perform in vivo tissue dielectric measurements at MW frequencies [42], and
Schepps et al. reported animal normal and tumour tissue data and their
dependence on tissue water content in the MW range [69].

In 1982, Athey et al. provided detailed information for the design and
development of a precision open-ended coaxial line sensor for dielectric
measurements of biological tissues [93]. The developed open-ended coaxial
probe was used successfully for the acquisition of in vivo animal tissue data
in the frequency range from 0.01 to 1 GHz [51].

Through the 1980s until the early 1990s, besides the dielectric characteri-
sation of animal and human tissues [42], [43], [76], [123], the tissue dielectric
properties were analysed as a function of their physiological properties [67],
[115], [124]. For instance, the dependence of dielectric properties on tissue
water content at MW frequencies was analysed [69], [117], the in vivo and ex
vivo dielectric properties were compared [44], the difference between healthy
and malignant tissues were examined [69], [124], and the change of tissue
dielectric properties post-mortem were reported [115].

In 1996, Gabriel et al. published a comprehensive literature review
reporting animal and human dielectric data across ten frequency decades,
from 10 Hz to 20 GHz [125]. The data found in the literature was compared,
but inconsistencies were noted due to the use of different equipment and
samples (from different species). For this reason, Gabriel et al. bridged
the gaps in the literature and consolidated the dielectric repository with
new in vivo and ex vivo animal and human tissue data acquired in the
frequency range from 10 Hz to 20 GHz [46]. Measurements were performed
using three different techniques, depending on the acquisition frequency.
Wherever possible, in vivo measurements on human patients were selected
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in preference to ex vivo or animal measurements. Where ex vivo/in vitro
tissue was used, measurements were acquired as soon as possible after death.
The data collected and measured by Gabriel et al. became the generally
accepted standard for dielectric properties of human tissues. This data was
made publicly available on the Federal Communications Commission (FCC)
website first [126], and on the Italian National Research Council (CNR)
website subsequently [127]. This broad availability allowed widespread use
of the data among the scientific community and contributed to its diffusion.

In the following years, the dielectric measurement instrumentation and
procedure were further improved. Specifically, the volume of the sample
interrogated by the coaxial probe was investigated to accurately assign the
acquired dielectric data to the actual tissue involved in the measurement [65],
[96], [128]. Based on the analysis of the probe sensing volume, precision
probes were manufactured for localised dielectric spectroscopy of both low
and high permittivity tissues [109].

In 2005, following an extensive measurement programme to dielectrically
characterise several animal tissues, Peyman et al. described the most
relevant challenges related to biological tissue measurements, such as tissue
temperature variation, tissue dehydration and probe-sample contact, and
reported methods to address them [47]. In 2006, Gabriel and Peyman
reviewed tissue dielectric properties with the aim of examining sources of
uncertainty and their effect on existing dielectric measurements [55].

In 2007, Lazebnik et al. examined breast tissues in terms of dielectric
properties, with the aim of assessing the viability of using MWI to detect
early stage breast cancer [10], [11]. Through histological categorisation of
each breast tissue sample, Lazebnik et al. found the breast to be dielectrically
heterogeneous, and the dielectric contrast between fibroglandular tissue and
cancerous tissue to be as little as 1.1:1 in the range between 0.5 GHz and 20
GHz [11]. These findings were in conflict with a number of former datasets,
which had predicted considerably higher dielectric contrast of the order of
10:1 in the same frequency range [60], [61]. In 2014, through a quantitative
tissue histological analysis, Sugitani et al. suggested that variations in
tissue dielectric properties reported in such historical studies may be at least
partially attributed to variations in the number of cells of each tissue type
(e.g., fat or tumour) within a sample [15]. The findings of the study reported
by Sugitani et al. [15] underscore the need to take into consideration tissue
heterogeneity and histopathology when assigning measured properties to
tissue types, something that was lacking in the literature prior to this point.

Finally, recent studies have been conducted to investigate the contrast
in dielectric properties between healthy and malignant tissues in order
to improve the design of existing medical devices or expand the clinical
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application of both imaging and therapeutic devices [12], [48], [53], [112],
[122]. Also, a number of works investigated the dependence of the dielectric
properties of biological tissues on temperature [28], [31], [36]. The dielectric
properties of biological tissues at discrete frequencies and temperatures were
measured and presented in terms of linear temperature coefficients, which
are fundamental for the optimisation of therapeutic applications, such as
hyperthermia and ablation [27]–[32], [36].

The following section highlights inconsistencies in the reported dielectric
data of a subset of investigated biological tissues and reviews sources of
uncertainty, which may have contributed to the data inconsistencies.

2.4.2 Dielectric measurement of tissues:
Inconsistencies and sources of uncertainty

Due to the simplicity of the measurement process with an open-ended coaxial
probe, this technique has been used to investigate the dielectric properties of
a number of biological tissues [11], [42], [44], [46], [47], [61], [129]. Nonetheless,
different sources of uncertainty can affect the measurements and compromise
the interpretation of dielectric data, thus resulting in inconsistencies in the
reported data [46], [47], [55].

In 1996, dielectric data inconsistencies were highlighted for the first time
by Gabriel et al., which grouped the dielectric measurements acquired across
the previous five decades according to the investigated tissue type [125].
Specifically, the analysis involved thirteen tissue types. For instance, among
these tissue types, Gabriel et al. noticed that the dielectric properties of
fat and lung were characterised by a high standard deviation in the MW
range. In particular, systematic differences were found for fat coming from
various species, thus suggesting that those differences were due to the natural
variation of fat tissue composition across different species. Thus, human
tissues were preferred to animal tissues. Further, the large variation in
the dielectric properties of lung was attributed to the different degrees of
inflation, since the higher the air content, the lower the dielectric properties.
Over all tissues, repeated measurements were performed to increase the
reliability of the measurements [46], [71]. Moreover, other factors, such as
measurement time from excision, tissue temperature, tissue dehydration,
and sample characteristics intrinsic to the tissue type, were taken into
consideration to reduce the data uncertainty [46]. Such factors were also
considered and compensated for in subsequent studies [11], [47], [54], [130].

With the aim of reducing uncertainty in dielectric data, in the study
conducted by Peyman et al. [47], different sources of uncertainty in the
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dielectric measurements were listed and divided into random or “type A”
errors, and systematic or “type B” errors, according to the guidelines defined
by the NIST in 1994 [55], [131].

In general, the overall performance of the measurement system is assessed
by conducting measurements on reference liquids with well-known dielectric
properties. The type B errors are associated with the systematic errors of the
measurement system. The difference between the measured and reference
dielectric values provides an extent of the system performance and represent
the main contribution to type B error [47], [55]. However, other factors can
contribute to the type B error, such as:
• Quality of the calibration of the system;
• VNA drift occurring after the calibration;
• Temperature variation within the system;
• Movement of cable/probe assembly.
The above factors are generally monitored by repeating the measurement

of reference liquids within a calibration [47]. However, the most common
practices adopted to monitor or compensate for the type B errors are reported
in detail in Section 3.1 of the next chapter.

On the other hand, the main type A error in tissue dielectric measure-
ments is the repeatability of the data, which may contribute to the highest
value of uncertainty [47], [55]. The error in repeatability can be related
to both measurement system and tissue sample. However, measurements
on tissue samples have lower repeatability than measurements on other
materials. In fact, type A error is mostly associated with the characteristics
of the investigated tissue sample and the interaction of the sample with the
system. The main factors that are associated with the tissue characteristics
and may contribute to the type A error are the following:
• Sample water content variation/dehydration;
• Sample temperature change;
• Sample handling;
• Sample probe-tissue contact and pressure;
• Sample heterogeneity.
Details regarding monitoring or compensation techniques used to reduce

type A errors are provided in Section 3.2.
Since the 1980s, standard techniques have been used to monitor and

compensate for type B errors [47], [54], [55], [104], [116], [120]; however,
there are not standard techniques yet to monitor and compensate for many
type A errors. Although there are good benchmarks to reduce type A
errors [47], there are not consistent techniques to reduce the dielectric data
variability related to highly heterogeneous tissue samples. Due to the fact
that the open-ended coaxial probe technique is based on the assumption
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that the measured sample is homogeneous, measurements on homogeneous
sample regions have generally higher repeatability than measurements on
heterogeneous sample regions [47]. To this extent, it is appropriate to
conduct dielectric measurements on homogeneous regions of the sample.
However, homogeneous regions may not be found across highly heterogeneous
tissue samples (such as cancerous samples), which consequently present large
variation in terms of dielectric properties [11], [48], [49]. To this extent, the
impact of tissue heterogeneity on dielectric data variability (that causes
data inconsistencies) is discussed below by reporting the dielectric data for
healthy adrenal gland and kidney tissues, cancerous liver tissue, and healthy
and cancerous breast tissues.

An example of tissue heterogeneity introducing data inconsistencies
involves healthy adrenal gland and kidney tissues. In fact, while adrenal
gland and kidney were considered dielectrically homogeneous in several past
studies [46], [61], [132], in more recent studies [133], [134], the existence
of three distinct dielectric regions corresponding to the capsule, cortex
and medulla regions was demonstrated for both the adrenal gland and
the kidney. The updated dielectric models consisting of three dielectrically
different regions within the adrenal gland and kidney were developed by using
a different measurement methodology. Specifically, while previous studies
involved dielectric measurements conducted only on the sample surface (i.e.,
the capsule of adrenal gland and kidney) [46], [61], [132], more recent studies
involved dielectric measurements along the sample cross-section, where the
capsule, cortex and medulla could be easily distinguished [133], [134]. Thus,
these results, illustrated in the relative permittivity and conductivity plots in
Fig. 2.5, highlight the importance of considering the anatomy of the organs
and their natural heterogeneity when dielectric properties are acquired.

Generally, the higher the natural heterogeneity of the sample, the more
complicated the interpretation of the dielectric data from the sample. For
instance, by considering both healthy and diseased (i.e., cancerous and cir-
rhotic) liver tissues, consistent results were found for healthy liver tissue [31],
[46], [53], [54], [57], [61], while a wider range of dielectric properties were
measured for diseased liver tissues [48], [53]. The difference in dielectric
properties between healthy and diseased liver tissue can be observed in the
relative permittivity and conductivity plots of Fig. 2.6. The spread dielectric
values of diseased liver tissue was attributed to the different types of cancer-
ous tissues analysed by O’Rourke et al. [53] and Peyman et al. [48], since
each cancerous liver sample presented different histological characteristics.

Another example of a highly heterogeneous sample that is challenging to
characterise dielectrically is provided by breast tissues. The heterogeneity of
healthy and cancerous breast tissues is shown in Fig. 2.7. As highlighted in
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(a)

(b) (c)

Figure 2.5: Relative permittivity and conductivity plots from adrenal gland and kidney
associated with the tissue sample anatomy: (a) diagram illustrating the three anatomical
regions, capsule, cortex and medulla, which characterise both adrenal gland and kidney
(figure adapted from [134]); (b) relative permittivity plot and (c) conductivity plot
summarising adrenal gland data from [132], [134] and kidney data from [46], [133]. In
both (b) and (c), it can be noted that, in past studies [46], [132], measurements were
performed only on the capsule (that is the external anatomical region of adrenal gland
and kidney), while, in more recent studies [133], [134], cortex and medulla (i.e., the
other two anatomical regions of adrenal gland and kidney) were also considered for the
dielectric characterisation of adrenal gland and kidney.

41



CHAPTER 2. DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES

(a)

(b)

(c)

Figure 2.6: Relative permittivity and conductivity plots from healthy and cancerous
liver tissue: (a) figure from [48] illustrating a subset of diseased liver samples; (b) relative
permittivity plot and (c) conductivity plot summarising healthy liver data from [31], [46],
[53], [54], [57], [61] and diseased liver data from [48], [53]. In both (b) and (c), it can
be noted that consistent data was found for healthy liver tissue [31], [46], [54], [57], [61],
while a wider range of dielectric properties were acquired for diseased liver tissues [48],
[53].
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Section 2.4.1, the dielectric properties of breast tissue reported by Lazebnik
et al. [10], [11] were in contrast with the results presented by Chaudhary
et al. [60] and Joines et al. [61]. The causes of such differences in dielectric
properties can be attributed to differences regarding tissue handling and
tissue categorisation. For instance, Joines et al. [61] categorised healthy
samples as normal adjacent muscle and mammary gland, while Lazebnik
et al. [10], [11] classified healthy tissues in three categories according to
their adipose content: Group 1 with 0–30% adipose content, Group 2 with
31–84% adipose content, and Group 3 with 85–100% adipose. Furthermore,
Chaudhary et al. [60] immersed samples in physiological saline solution prior
to dielectric measurements, while, Lazebnik et al. [10], [11] and Joines et
al. [61] did not treat the samples with any solution.

However, inconsistencies in breast tissue data can also be found across
more recent studies, as illustrated in the relative permittivity and conduc-
tivity plots of Fig. 2.8. For instance, Sugitani et al. [15] and Martellosio
et al. [49] found a high variability in the properties across each tissue type
and across patients, which complicates the dielectric differentiation between
healthy and malignant tissue. The findings presented by Sugitani et al. [15]
cannot be compared to the outcomes of the studies previously performed [10],
[11], [60], [61] due to the different categorisation of the breast samples, which
were classified based on the content of cancer, stroma and adipose tissues.
Due to the high variability of dielectric properties across each category, no
statistically significant difference was found between cancer and stroma and
between stroma and adipose tissue, which compromises the interpretation
of dielectric properties acquired from breast samples [15]. On the other
hand, Martellosio et al. reported the dielectric properties of breast tissue
with similar sample classification as that used in the study conducted by
Lazebnik et al. [10], [11], and the samples were categorised as: low density
(80-100% adipose content), medium density (20–80% adipose content) and
high density (0-20% adipose content) [49]. Consequently, a contrast in
relative permittivity ranging from 1.1 to 5 was found between healthy and
cancerous breast tissues across the range of 0.5–20 GHz [49], which partially
agrees with the results of Lazebnik et al. [10], [11]. However, small dielectric
inconsistencies were found between the dielectric data from Martellosio et
al. [49] and Lazebnik et al. [10], [11]. These inconsistencies can be attributed
to differences in the size of the histological slices considered to associate the
measured dielectric properties with the sample histological content. In fact,
although the two studies were conducted with probes having similar geome-
tries (with a diameter of 3 mm for [10], [11] and 2.2 mm for [49]), 7 mm and
2 mm wide breast tissue slices were analysed histologically, respectively, in
the studies conducted by Lazebnik et al. [10], [11] and Martellosio et al. [49].
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(a) (b)

Figure 2.7: Examples of (a) healthy and (b) cancerous breast samples from [10], [11].

Thus, histological slices covering tissue regions located at different distances
from the probe may have impacted the tissue sample categorisation and,
consequently, the interpretation of the acquired dielectric data.

All of the studies presented above highlight the importance of taking
into consideration the heterogeneity of the measured tissue sample and
underscore the challenges in accurately attributing the measured dielectric
properties to the tissue content of the heterogeneous sample. Thus, for
heterogeneous samples, histopathology is generally conducted within the
sensing volume of the coaxial probe after completing the dielectric measure-
ment [10]–[12], [15], [49]. However, this procedure adds more steps to the
dielectric characterisation of the samples and can lead to other sources of
uncertainty, which can consequently result in dielectric data inconsistencies.
As seen for breast tissue, data inconsistencies can originate from inaccu-
rate or inconsistent values of sensing volume, differences in the histological
categorisation of the samples, and inconsistent dielectric data interpretation.

To this extent, recent studies have been conducted to examine the sensing
volume of the commercial dielectric probes commonly used in dielectric
studies and evaluated the dependence of the measured dielectric properties
on the sample tissue composition [63], [64], [66], [135]. However, further
research is still needed to improve the correspondence between histological
and dielectric properties for an accurate and consistent characterisation of
biological heterogeneous tissues, thus underscoring the motivation of this
dissertation.
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(a)

(b)

Figure 2.8: (a) Relative permittivity and (b) conductivity plots summarising healthy
and cancerous breast tissue data from [10], [11], [15], [49], [60], [61]. In the legend in
(a), the low, medium and high density healthy breast tissue refer to the three categories,
Group 3 with 85–100% adipose content, Group 2 with 31–84 % adipose content, and
Group 1 with 0–30% adipose content, respectively, in the study by Lazebnik et al. [10],
and to the three categories, 80-100% adipose content, 20–80% adipose content and 0-20%
adipose content, respectively, in the study by Martellosio et al. [49]. Furthermore, from
(a) and (b), it can be noted that the reported dielectric data is inconsistent for both
healthy and cancerous breast tissue, mostly due to tissue heterogeneity and differences in
sample categorisation across the literature.
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2.5 Summary

In this chapter, dielectric properties of biological tissues have been defined
and the state-of-the-art in the acquisition of dielectric properties of biological
tissues with an open-ended coaxial probe has been presented in terms of
measurement techniques and seminal dielectric studies.

Specifically, in Sections 2.1.1 and 2.1.2, the principle theoretical aspects
regarding the interaction of EM fields with biological tissues were reviewed,
and, in Section 2.1.3, the mathematical models used to compactly represent
the dielectric dispersions of polar solutions and biological tissues (that can
be then included in numerical EM solvers) were presented.

In Section 2.2, the most common techniques used to dielectrically char-
acterise biological tissues in the MW range were presented along with the
known advantages and drawbacks of each. Specifically, the transmission line,
cavity perturbation and open-ended coaxial probe techniques were reported
in Section 2.2.1, Section 2.2.2, and Section 2.2.3, respectively. For each
measurement technique, the characteristics of the system, such as broadband
or single-frequency system, system/measurement complexity, measurement
accuracy, and the requirements of the measurement samples, such as in
vivo/ex vivo samples, sample size restrictions and sample handling, were
reported. Furthermore, in Section 2.2.3, the open-ended coaxial probe
technique was identified as the most appropriate method for the dielectric
characterisation of biological samples in the MW range, since this technique
is broadband, does not require custom sample handling, and allows both
the measurement of in vivo samples and the analysis of ex vivo samples at
different temperatures.

Thus, the open-ended coaxial probe technique was the focus of Section
2.3. In Section 2.3.1, the EM transmission along the coaxial probe and
the EM interaction of the probe with a biological sample, resulting in the
reflected signal that is expressed by the reflection coefficient, were described.
Consequently, in Section 2.3.2, the main algorithms used to convert the
reflection coefficient into permittivity were presented, and one of the lumped
equivalent circuit models (the antenna model) was described in more detail,
since the antenna model has been implemented to process the numerical data
of this dissertation. After presenting the theoretical basis of the open-ended
coaxial probe technique, the state-of-the-art of coaxial probe designs and
fabrication materials was provided in Section 2.3.3. At the end of Section
2.3.3, the commercial probes most commonly used in recent dielectric studies
were highlighted and the corresponding experiments on biological tissues
tabulated.

Lastly, in Section 2.4.1, key dielectric studies performed on biological
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tissues using the open-ended coaxial probe technique since the 1940s were
reported and, in Section 2.4.2, the inconsistencies in reported dielectric
data for a subset of tissue samples were highlighted. Specifically, in Section
2.4.2, the main sources of data uncertainty (and thus inconsistencies) were
reviewed, resulting in the following findings.
• Sources of uncertainty in the dielectric measurements can be divided

into random or “type A” errors, and systematic or “type B” errors.
Generally, type A errors are intrinsic to the characteristics of the
measured sample, such as temperature, probe-sample contact, probe-
sample pressure, sample handling procedure, in vivo versus ex vivo
experiments, sample tissue morphology, and heterogeneity. On the
other hand, type B errors are related to measurement equipment choice,
and measurement calibration and validation;
• While standard techniques have been developed to monitor or compen-

sate for type B errors, type A errors contribute most to the uncertainty
in more recent dielectric studies.
• Type A errors are mostly related to the measurement repeatability

that is higher for heterogeneous tissues than for homogeneous tissues.
The above findings provide the motivation for conducting a thorough

analysis of both type A and type B errors, with more focus on type A errors,
which constitute a higher source of uncertainty in dielectric data. Specifically,
type A and type B errors are defined in Chapter 3 as tissue-related and
equipment-related confounders, respectively, since type A errors are mainly
due to factors related to the characteristics of the investigated tissue samples,
and type B errors are mainly related to the characteristics of the measurement
system and its performance. In Chapter 3, equipment-related and tissue-
related confounders are examined together with their different compensation
techniques throughout each step of the dielectric measurement process.
Due to experimental challenges in reducing the variability in dielectric data
associated with the sample tissue heterogeneity, the last sections of Chapter 3
focus on the techniques used to improve the correspondence between the
dielectric properties and histological content of measured heterogeneous
samples. Thus, Chapter 3 helps in defining a measurement protocol able to
reduce uncertainty and inconsistencies in dielectric data, and introduces the
experimental objectives of this dissertation.
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Chapter 3

Dielectric measurement protocol
for biological tissues:

Confounders and best practices

Related publications

A summary of each step of the open-ended coaxial probe measurement
procedure, with the best practices adopted to reduce errors in the dielectric
measurement of biological tissues, has been published in the journal of Di-
agnostics in a review paper entitled “Open-ended Coaxial Probe Technique
for Dielectric Measurement of Biological Tissues: Challenges and Common
Practices”, in 2018 (A. La Gioia, E. Porter, I. Merunka, S. Salahuddin,
A. Shahzad, M. Jones, and M. O’Halloran, “Open-ended Coaxial Probe
Technique for Dielectric Measurement of Biological Tissues: Challenges and
Common Practices,” Diagnostics, 8, 40, 2018).
Furthermore, the content of this paper has supported the identification of
the minimum types of raw data and metadata necessary for interpreting and
replicating a dielectric study, which led to the development of the Minimum
INformation for Dielectric mEasuRements of biological tissues (MINDER)
standard. The MINDER standard enables reproducibility of measurements,
ease of interpreting and re-using data, and comparison of data across studies.
The MINDER standard has also been published in the journal of RF and MW
Computer-Aided Engineering in a paper entitled “Minimum information for
dielectric measurements of biological tissues (MINDER): A framework for
repeatable and reusable data”, in 2017.

As seen in Chapter 2, the open-ended coaxial probe has been the most
commonly used technique for dielectrically characterising biological tissues
in the MW frequency range since the 1940s, due to its operating principles
that enable in vivo, non-destructive measurements. However, the protocol
for the dielectric measurement of biological tissues with an open-ended
coaxial probe consists of multiple steps that require control over a number
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Figure 3.1: Flowchart of the main steps of the protocol for measuring the dielectric
properties of biological tissues.

of factors, or confounders, which can erroneously affect the measurement
and compromise the interpretation of the measured dielectric data. Notably,
no standard protocol for the dielectric measurement of tissues exists.

Thus, this chapter reviews the measurement protocol across past and
recent dielectric studies from the literature. This review is conducted by
examining each step of the protocol together with known and potential
sources of errors. For each source of error that can be either equipment-
related or tissue-related, the most common compensation techniques used
in the literature are examined, along with their respective weaknesses and
strengths. This thorough review of the dielectric measurement process with
an open-ended coaxial probe has the aim of identifying the main sources of
errors and the corresponding most suitable techniques for minimising the
uncertainty of the measured data.

Specifically, in the following sections, the steps involved in an open-ended
coaxial measurement, ranging from the calibration of the system, to the
actual measurement process and the corresponding data and sample post-
processing, are detailed. The main steps of the protocol for measuring the
dielectric properties of biological tissues are schematised in the flowchart in
Fig. 3.1.

In Section 3.1, the standard calibration method, the typical system vali-
dation procedure and the measurement uncertainty estimation are discussed.
The steps regarding the probe selection, tissue handling and measurement
procedure are discussed in Section 3.2, along with the associated tissue-
related confounders. In Section 3.3, the steps involving data and sample
tissue post-processing are detailed. While the data post-processing supports
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the interpretation of the data measured from all tissue samples, the tissue
post-processing only applies to the dielectric characterisation of samples
that have heterogeneous tissue structures. Lastly, the chapter concludes
with Section 3.4.

3.1 Characterisation of the dielectric

measurement system

This section focuses on the steps of the dielectric measurement protocol that
relate to the measurement equipment itself. The topics of the calibration
and validation of the measurement system are discussed, along with the
determination of the measurement uncertainty.

3.1.1 System calibration

The reliability of dielectric measurements is principally determined by the
accuracy of the acquired input impedance. The accuracy of impedance
measurements can be substantially improved by performing a standard
calibration procedure before each set of measurements [44], [76], [93], [120].
In this section, a description of the calibration process for the open-ended
coaxial probe is provided, followed by an in-depth analysis of the related
confounders.

In general, coaxial probe measurements use a three load standard calibra-
tion procedure for one-port error correction. Any three different standard
materials can be used for calibration, as long as the dielectric properties of
those standards are well known [120], [136], [137]. The choice of standard
materials to use may be based on the ease of use, availability, or similarity
to the materials under test [50], [120]. The three most common standards
used for coaxial probe calibration are: open-circuit, short-circuit, and a
broadband load [138]. The calibration is performed at the reference plane
of the probe while the probe is connected to the VNA through a specialised
cable or an L-shaped connector. The calibration procedure aims to find a re-
lation between the expected complex reflection coefficient and the measured
complex reflection coefficient and, thus, to correct for systematic errors.

The three standards are necessary to determine and compensate for
the three main sources of error: directivity error, impedance mismatch
and frequency tracking error [138]. The directivity error occurs when a
part of the generated signal does not come in contact with the sample.
This error is due to a direct leakage of the directional coupler or imperfect
connectors. Impedance mismatch between the system components causes
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Table 3.1: The standard calibration process with confounders and compensation tech-
niques listed for each step, with open-circuit, short-circuit, and a liquid load material
shown as the three calibration standards.

Confounders Compensation
Equipment set-up • Environmental parameter

change [131]
• Probe contamination [28], [42],
[53], [139]
• Imperfect connections [42]
• Cable movement [10], [47], [66],
[113]

• Environmental parameter con-
trol [56], [58]
• Probe inspection and clean-
ing [30], [46], [47], [52]
• Connection check [42]
• Cable fixing with tape [30], [54],
[112]

Open • Particles on probe tip [75] • Probe cleaning [30], [46], [47], [52]
• Smith Chart check [140]

Short • Poor probe-short block con-
tact [75]

• Short block and probe clean-
ing [75]
• Short block repositioning [75]
• Smith chart check [140]

Load • Accuracy of liquid model [50],
[120]
• Liquid temperature [47], [50],
[121], [141]
• Air bubbles [65], [72], [98]
• Liquid contamination [47]
• Probe position in liquid [65]

• Deionised water model has best
accuracy [120]
• Temperature monitoring/ con-
trol [30], [47], [54], [139]
• Probe re-immersion in liquid [75]
• Limited exposure to air [47]
• Probe distant from beaker
sides [65]

undesired reflected signals. The frequency tracking error involves the changes
in magnitude and phase flatness versus frequency between the reference and
the reflected signal. This error is generally due to differences in directional
and test couplers [138].

If performed correctly, a good calibration procedure considerably reduces
systematic errors. The quality of the calibration depends on the accuracy in
the measurements of the three standards and on the level of control over
the factors that can affect the process. In the following subsections a list
of the calibration steps required to reduce the confounders is reported. In
addition, the confounders and the corresponding methods for their control
and compensation are summarised in Table 3.1.

3.1.1.1 Equipment set-up and confounders

Before performing the calibration, environmental parameters, such as tem-
perature, pressure and humidity, are generally controlled or monitored [56],
[58] because environmental changes may impact measurement results [131].
Furthermore, system components need to be checked [42], the probe tip
cleaned and verified by visual inspection [30], [46], [47], [52], and the cable
fixed in place [30], [54], [112] as imperfect connections [42], probe contami-
nation [28], [42], [53], [139], and cable movement [10], [12], [47], [66], [113]
can all result in a poor calibration and thus unreliable measurements.
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3.1.1.2 Acquisition settings and confounders

Prior to calibration, the frequency range needs to be selected based on the
planned measurements. Subsequently, the number of acquisition frequency
points must be defined. Frequency points may be equidistant according to
a linear or a logarithmic scale or non-equidistant, thus distributed more
densely in some regions rather than others. The use of a logarithmic scale
can be advantageous when data is acquired over a frequency range covering
more dispersion regions, as there will be more points taken at the frequency
points where the largest change in dielectric properties occurs (due to
dispersions) [142]. The signal power and measurement bandwidth must also
be selected in the VNA software. The choice of number of frequency points
and bandwidth requires a trade-off between the measurement accuracy and
speed of data acquisition. In fact, a smaller number of points and a larger
bandwidth result in less accurate but faster data acquisition, while a higher
number of points and a narrower bandwidth result in more accurate but
more time-consuming data acquisition.

3.1.1.3 Measurement of the three standards and confounders

Once the measurement settings are selected, the calibration measurements of
the three standards (i.e., open-circuit, short-circuit and broadband load) can
be performed. The set-up for the measurements of open-circuit, short-circuit
and broadband load is schematised in Fig. 3.2.

As highlighted in Table 3.1, visualisation of the complex impedance on
the VNA Smith chart is key to identifying the unwanted presence of particles
at the probe tip and confirming the quality of the open or short-circuit [75],
[117]. In particular, having a good quality short-circuit is vital to a successful
calibration [50]. Therefore, proper contact between the short and the probe
must be ensured. Other than this, the open and short measurements are
relatively straightforward and do not require any additional consideration.

Conversely, several confounders can introduce error into the load mea-
surement. In the literature, different liquids have been examined as potential
load materials [116], [120]. The standard liquid is generally selected such
that the complex impedance of the load is considerably different from the
other two standards [116]. The most typical liquid used as a load is deionised
(DI) water [15], [28], [66], [112], [114], [143]. Polar liquids (for example,
ethanol, methanol, and saline) also meet the requirements [116] and exhibit
high conductivity and permittivity as a function of frequency. Nyshadham
et al. conducted a quantitative analysis of the effect of the uncertainty of the
models of different standard materials on the uncertainty of the measured
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(a)

(b)

(c)

Figure 3.2: Schematised set-up for the calibration of the coaxial probe. The calibration
procedure involves the measurement of the three standards: (a) open-circuit, (b) short-
circuit and (c) broadband load. Portions of this figure were adapted from [75].

permittivity [120]. In this study [120], different liquids (having different
models) were used for calibration and it was verified that DI water represents
a better calibration standard than methanol and saline because there are
smaller uncertainties in the Cole-Cole model of DI water (in other words,
the dielectric properties of deionised water are the most well-known and
well-characterised). Indeed, the accuracy of the model represents one of the
confounders affecting the calibration procedure and the uncertainty of the
measured permittivity. Specifically, a quantitative analysis that examined
the impact of errors in the model of one of the calibration standards (in this
case, acetone), found that model errors of 2% induced a similar magnitude
of error into the measured relative permittivity [144].

During the calibration process, the temperature of the load liquid needs to
be maintained and monitored, since the dielectric properties are temperature-
dependent [47], [50], [121], [141]. The permittivity of liquids vary by up to
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2.2% per degree Celsius [121]. The measurement of deionised water, or any
standard liquid, as a calibration load may be performed at room temperature
or at any fixed temperature. The liquid temperature can be monitored using
a thermometer [75] and the temperature may be maintained using a water
bath [30], [47], [54], [139]. However, the study by Gabriel and Peyman [55]
advises to perform the calibration at a temperature close to that of the
sample temperature, otherwise an uncharacterised amount of error could be
introduced in the dielectric measurement.

Aside from the liquid temperature and model accuracy, other confounders,
such as liquid contamination [47], air bubbles between the probe and the
liquid [65], [72], [75], [98], and probe position in the liquid-filled beaker [65],
have been investigated. In order to avoid any impurity in the DI water,
the beaker filled with liquid is generally kept closed [47]. The presence of
air bubbles between the probe tip and the standard liquid can result in
deviations in the dielectric measurement data by up to 20%, due to the fact
that the material within the sensing region is then a mixture of air and
liquid [98]. A transparent beaker is recommended so that air bubbles can
clearly be seen. If bubbles are present, they need to be removed prior to
measurement. The removal of bubbles may be achieved by gently tapping
the probe tip on the bottom of the beaker, or by lowering the beaker away
from the liquid and then re-immersing it on an angle [75]. A soft brush
(non-metallic, to avoid scratches) may also be used to remove any bubbles
without having to move the probe or the beaker. In addition, the probe
needs to be immersed in the liquid and positioned in the beaker such that
the liquid is the only material within the probe sensing volume. Accurate
positioning avoids undesirable reflections from the beaker walls. Hagl et al.
provided a process for finding the minimum distance between the probe and
the beaker sides according to the probe size; these distances also depend on
the properties of the liquid material in the beaker, and the frequency range
of interest [65].

3.1.1.4 Confounders introduced in the system after calibration

Following the calibration procedure, two additional equipment-related con-
founders can introduce errors in dielectric measurements: VNA drift over
time and cable movement [10], [12], [28], [47], [54], [66], [112], [113]. The
system drift can be characterised and taken into account in the measured
dielectric data [47], [54]. This factor can be quantified by taking several
measurements on a standard liquid at defined time instants in the period
after calibration [47]. When a cable is moved, given the difficulty in precisely
characterising the systematic error introduced by the cable movement, a
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new calibration is required. However, low loss and phase stable cables have
the potential to minimise the impact of the error of the cable stability on the
results [11], [50], [65]. In some studies, the cable was fixed in place (using
adhesive tape) to limit the effect of the cable movement in the dielectric
data [30], [54], [112]. An alternative approach may be to replace the cable
with an L-shaped connector, when such a rigid set-up does not overly restrict
dielectric data acquisition [142].

After each calibration, it is good practice to first confirm proper cali-
bration by re-measuring one of the calibration standards, commonly the
short [54]. However, re-measuring the properties of materials used during
calibration does not guarantee that the system is functioning error-free, it
just indicates that the calibration error-correction algorithms were success-
fully applied. Thus, a measurement of a known liquid, other than the one
used in calibration, is also required in order to validate the accuracy of the
calibration. Details about the validation procedure and the measurement
uncertainty calculation are discussed in the next sections.

3.1.2 Measurement validation

The validation procedure consists of measuring the dielectric properties of a
known reference liquid, in order to determine the quality of the calibration
and to monitor systematic errors [47], [54], [55], such as VNA drift and noise
due to cable movement [47]. Thus, it is good practice to perform validation
immediately following calibration [42], [47], [65], [139], [145] and again after
acquiring a set of tissue dielectric data [10]. The validation procedure can
also be conducted whenever anomalies are observed in the dielectric data
of the investigated material in order to isolate the source of error. For
instance, if the same anomalies are observed in the reference liquid dielectric
trace, the error is due to changes in the system and a new calibration is
needed; if the anomalies are not evident in the liquid trace, the error is likely
sample-related and further investigation is needed to identify the source of
the error.

During the validation procedure, the dielectric properties of a standard
liquid are measured and compared to the properties of the corresponding
known model [54], [55], [96], [120], [121], [145]. Since the dielectric properties
of reference liquids are temperature- and frequency-dependent, monitoring or
controlling the temperature of the liquid during the validation process is re-
quired [47], [54], [145]. Liquids in general are selected for validation purposes
as they are homogeneous and are free of many of the confounders affect-
ing solids or semi-solids (e.g., incorrect probe-sample contact, inconsistent
probe-sample pressure). However, several confounders can still introduce
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errors in the measurement of the validation liquid. The factors that affect
the validation quality are similar to those present in the load measurement
during the calibration procedure. Thus, details regarding confounders in
the liquid dielectric measurement and how they are addressed can be found
in the previous section.

Alcohols and saline are the most common polar reference liquids used in
the validation procedure [10], [42], [55], [65], [121], [146]. Polar solutions are
particularly suitable as validation liquids because they have comparatively
high relative permittivity and high dielectric loss at radio and MW frequen-
cies. Both the relative permittivity and conductivity have a strong frequency
dependence, which is a feature of the pronounced molecular dielectric relax-
ation behaviour [50]. Details regarding alcohols, saline solutions, and other
reference liquids are, respectively, reported in the following subsections.

3.1.2.1 Alcohols

Methanol, ethanol, ethanediol and butanol are the types of alcohols gener-
ally used to characterise the system and calculate the uncertainty in the
dielectric measurements [10], [54], [65], [96], [120], [121], [145] prior to tissue
measurements. Methanol, ethanol, and butanol, in particular, are used as
standard liquids because they represent the high, intermediate, and low
dielectric property values, respectively, within the range of those expected
for human breast tissue at MW frequencies [10], [96], [145]. The alcohols also
have well-established permittivity models [10], [96], [121], [145]. Ethanediol,
which has also been modelled in the MW frequency range [54], [145]–[147],
has a static permittivity about half that of pure water [147]. Standard
methods for obtaining the known dielectric property values for each of these
alcohols have been detailed thoroughly [145].

Although alcohols present properties similar to those of biological tissues,
there are some constraints that must be taken into account when using
them as reference liquids. For instance, the alcohol models are accurate in
restricted frequency ranges and at discrete temperatures only [120], [141],
[145], [147], [148]. Furthermore, the dielectric properties of alcohols can
change during storage and handling. For example, methanol has very low
vapour pressure and evaporates rapidly. These properties of methanol can
contribute to a decrease in the liquid temperature and, consequently, to a
dielectric property change over the course of just a few minutes when exposed
to air [96], [145]. In order to minimise these effects, the dielectric properties
of methanol are generally measured immediately after it is poured into the
measurement beaker [96] and the temperature is monitored. Lastly, since
alcohols are inflammable and have an acute inhalation toxicity, working with
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these liquids requires a safety protocol, such as the use of special fire-proof
storage cabinets and handling under a fumehood [145].

3.1.2.2 Saline

The dielectric properties of different concentrations of NaCl (saline) solutions
at various temperatures have been modelled in the MW frequency range [55],
[73], [149]–[151]. Specifically, Stogryn provided models in the gigahertz range
for computing the complex permittivity of saline as a function of temperature
and concentration (between 0.25 and 0.5 M) in order to allow these liquids
to be used as references [149]. More recent models, based on extended
experimental data, are now available for solutions having concentrations
between 0.001 and 5 mol/L in the frequency range of 0.10-40 GHz, for any
temperature between 0-60◦C [73], [143], [146], [150], [151]. Although saline
models were obtained from non-traceable dielectric data, saline solutions
are the most convenient reference liquids used to assess the uncertainty in
measuring the dielectric properties of biological materials [146].

Among all of the saline solutions, 0.1 M NaCl solution is the most
commonly used reference liquid, since it has similar dielectric properties to
those of biological tissues [47], [54], [146]. Furthermore, 0.1 M NaCl is stable
in temperature and electrical properties during storage and handling. At
room temperature, saline does not evaporate quickly like alcohols. Saline
solutions are also straightforward to prepare (with commercially-bought
solutions being cost-effective) [146] and to use. Saline solutions are also
less dangerous than alcohols, and thus they do not require the use of fire-
proof storage cabinets or handling under a fumehood. For 0.1 M NaCl,
models that cover relatively wide frequency and temperature ranges are
available [146]. However, due to poor traceability of the data used to obtain
the models by Peyman et al. [146] (since the data was acquired with only a
single measurement system and a single measurement technique, and then
compared to reference data measured under unknown conditions), the saline
models are likely not as accurate as the models for alcohols.

3.1.2.3 Other liquids

Several other liquids, such as formamide [48], [55], [147], [150], DI water [50],
[141], [145], dimethyl sulphoxide (DMSO) [50], [141], [145], and acetone [50],
[145], [152], have been used as reference liquids.

Formamide is a polar organic solvent, which has a relative permittivity
of approximately 110 at frequencies below 1 GHz that drops down to a
value of around 7 at frequencies above 50 GHz (when handled at room
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temperature) [147]. The temperature-dependent model for characterising
the dielectric properties of formamide across the MW frequency range was
developed by Jordan et al. [147] and more recently by Barthel et al. [148]
using waveguide interferometry [55], [147], [148]. The parameters of different
models were found at discrete temperatures in the frequency range between
0.2-89 GHz. The reliability of the model from Jordan et al. [147] is affected
by the limited discrete frequency points used in the dielectric measurements
from which the model has been obtained. In both studies by Jordan et
al. [147] and Barthel et al. [148], the dielectric models are available only
for limited discrete temperatures. Also, since formamide is toxic, a custom
handling protocol is required.

When it is not used as broadband load in the calibration procedure, DI
water represents an advantageous validation liquid [120], [141]. In fact, DI
water has dispersive properties similar to those of biological tissues and has
been accurately modelled in the MW frequency range, for any temperature
between -4.1-60◦C [141]. DI water has also the advantage of being a stable
liquid and does not require special handling.

DMSO is a highly polar organic reagent that has a high relaxation
frequency. DMSO has relative permittivity values similar to those of mus-
cle tissue. Although DMSO dielectric models covering a wide frequency
range [141] and different temperatures [145] have been developed, DMSO
does not represent a convenient reference liquid, since it is particularly hy-
groscopic [50], [145]. In particular, when DMSO evaporates, the liquid tem-
perature increases, causing an increase in relative permittivity values [145].

Acetone is a polar organic solvent having intermediate permittivity values,
which have been modelled only in the upper MW frequency range [152].
Acetone requires special handling because it has a boiling point of 56◦C and
has the potential to soften some plastics [50], [145].

Liquid properties and information about available models and stor-
age/handling procedure related to the most common categories of reference
liquids are reported in Table 3.2. The column “Models” contains the most
referenced models, i.e., those that cover the widest frequency range and
largest, most continuous temperature interval.

3.1.3 Measurement uncertainty calculation

The uncertainty of measurements is generally calculated according to the
guidelines defined by the NIST [47], [54], [55], [131]. Thus, in this subsection,
the uncertainty of the measurement is discussed in terms of “standard”
uncertainty. Multiple measurements performed on the same material of
known dielectric properties enables determination of the uncertainty of the
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Table 3.2: Reference liquid properties, available models, and storage and handling
procedures (where f=frequency, T=temperature).

Liquid Models Storage and Handling

Methanol

Debye model [50]:
• f = 0.1-5 GHz
• T = [10◦C, 50◦C], 5◦C incre-
ments
Cole-Cole model [147]:
• f = 0.01-70 GHz
• T = [10◦C, 40◦C], 10◦C in-
crements

Alcohols are inflammable and have an
acute inhalation toxicity. Fire-proof
storage cabinets required. Handling in
fumehood required. Rapid
evaporation may occur and should be
avoided (particularly with methanol
and ethanediol). Ethanediol is
hygroscopic and when it evaporates
the liquid temperature increases,
causing an increase in relative
permittivity [50].

Ethanediol

Davidson-Cole model [50]:
• f = 0.1-5 GHz
• T = [10◦C, 50◦C], 5◦C incre-
ments

Ethanol

Debye-Γ model [50]:
• f = 0.1-5 GHz
• T = [10◦C, 50◦C], 5◦C incre-
ments

Butanol

Double Debye model [50]:
• f = 0.1-5 GHz
• T = [10◦C, 40◦C], 5◦C incre-
ments

Saline (NaCl)

Davidson-Cole [73] and Cole-
Cole models [146]:
• Concentrations = [0.001, 5
mol/l]
• f = 0.13-20 GHz [146] or
f = 0.1-40 GHz [73]
• T = [5◦C, 35◦C] (any inter-
mediate T ) [146] or
at 17 temperatures in the in-
terval T = [10◦C, 60◦C]: 10◦C,
20◦C, increments of 2◦C in
[24◦C, 50◦C], and 60◦C [73].

Storage in sealed containers. No spe-
cial handling required.

Formamide

Davidson-Cole model [148]:
• f = 0.2-89 GHz
• T = [10◦C, 25◦C], 5◦C incre-
ments
• T = [25◦C, 65◦C], 10◦C in-
crements

Fire-proof storage cabinets required.
Handling in fumehood required.

DI water

Debye model [153]:
• f = 1.1-57 GHz
• T = [-4.1◦C, 60◦C] (any in-
termediate T )

Storage in sealed containers. No spe-
cial handling required.

Dimethyl
sulphoxide
(DMSO)

Debye model [50]:
• f = 0.1-5 GHz
• T = [10◦C, 50◦C], 5◦C incre-
ments
Davidson-Cole model[153]:
• f = 0.001-40 GHz
• T = 25◦C

DMSO has an acute inhalation toxicity.
Since, DMSO is exceptionally hygro-
scopic, it needs to be measured as soon
as the container lid is removed [50].

Acetone

Static permittivity [50]:
• f = 0.1-5 GHz
• T = [10◦C, 50◦C], 5◦C incre-
ments
Budo model/confined rotator
models [152]:
• f = 50-310 GHz
• T = 20◦C

Acetone boiling point is at 56◦C [50].
Special handling is required, since it is
a powerful liquid able to soften some
plastics [50] and it is inflammable.
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measurement system in terms of the repeatability and accuracy. The repeata-
bility of the measurement may be expressed quantitatively in terms of the
characteristics (e.g., standard deviation) of data repeatedly acquired under
the same measurement condition [131]. The accuracy of the measurement
may be defined as the average percentage difference between the dielectric
properties of the acquired data and those of the corresponding model [47],
[54]. The repeatability varies between measurements and gives the extent
of random errors, while the accuracy is constant across measurements and
is related to systematic errors, which are introduced by inaccuracies in
the calibration procedure. For these reasons, repeatability and accuracy
uncertainties are represented by Gaussian and rectangular distributions,
respectively [131]. The uncertainties in repeatability and accuracy contribute
to the total uncertainty in the dielectric measurements [47], [54], [55], [131].
In particular, the total combined uncertainty is the sum of individual uncer-
tainties related to repeatability, accuracy, VNA drift and cable movement,
with each uncertainty value divided and multiplied by standard divisors and
sensitivity coefficients (associated to the probability distribution of each
corresponding individual uncertainty according to the NIST guidelines [131]).
Furthermore, the expanded uncertainty can be calculated by multiplying the
combined uncertainty by a coverage factor (k) that is related to a specific
confidence interval. For instance, a coverage factor of 2 provides a confidence
level of approximately 95%. An example of the combined and expanded
uncertainty calculation by Peyman et al. [47] is reported in Table 3.4, where
the numerical values of uncertainty associated with repeatability, accuracy,
VNA drift and cable movement are referred to relative permittivity values
obtained from measurements on 0.1 M NaCl solution in the MW range
between 300 MHz and 10 GHz. Later, Gabriel and Peyman also reported
the uncertainties for additional validation liquids, including alcohols and
formamide, but only in repeatability and accuracy, since the uncertainties
related to VNA drift and cable movement were the same for all liquids [55].
In fact, in the two studies [47], [55], measurements were conducted with
the same equipment, and thus the systematic uncertainties related to VNA
drift and cable movement were calculated only on 0.1 M NaCl. Alterna-
tively, in the studies conducted by Gregory et al., uncertainties associated
with specific input parameters were evaluated by means of Monte Carlo
modelling [145], [154].

The uncertainties related to systematic errors (i.e., uncertainty in ac-
curacy, and uncertainties related to VNA drift and cable movement) are
taken into account when interpreting dielectric data. In addition, in order
to quantify the random error associated with a given tissue measurement,
the mean and standard deviation are generally calculated from multiple
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Table 3.4: Example of the calculation of standard individual, combined and extended
uncertainties for relative permittivity measured on 0.1 M NaCl in the frequency range
300 MHz–10 GHz in the study conducted by Peyman et al. [47]. The nomenclature
and methodology follow the guidelines defined by the NIST [131]. The calculation was
performed at each measurement frequency and averaged across the frequency range.

Sources of
Uncertainty

Uncertainty
component
a (%)

Probability
distribution

Divisor b Sensitivity
coefficient
ci

Standard
uncertainty (%)
ui = (a

b
)ci

Repeatability 0.18 Gaussian 1 1 0.18

Accuracy 0.26 Rectangular
√

3 1 0.15

VNA drift 0.07 Rectangular
√

3 1 0.04

Cable move-
ment

0.00 U-shaped
√

2 1 0.0

Combined un-
certainty

N/A u =
∑4

1 u
2
i N/A N/A 0.24

Expanded un-
certainty (k=2)

N/A ku N/A N/A 0.48

independent measurements conducted on the same tissue sample. Specif-
ically, according to the NIST guidelines, the best practice for expressing
uncertainty is to report the mean measured value along with a coverage
probability of 95% [131].

Next, details regarding the measurement procedure are reported in
Section 3.2 and the analysis of the measured dielectric data is discussed
in Section 3.3.1. In particular, while the focus of this section has been on
the equipment-related confounders, in Section 3.2, techniques related to
minimisation or compensation of tissue-related confounders are described.

3.2 Dielectric measurement of biological

tissues

Dielectric measurement of biological tissues with an open-ended coaxial
probe is affected by a number of confounders related to the characteris-
tics of the tissue samples. Tissue-related confounders may be the major
cause of measurement uncertainty, since the total combined uncertainty
for measurements on liquids is relatively small compared to that of tissue
measurements [47]. Uncertainties associated with measuring tissue prop-
erties seem to be primarily related to the complex structure of biological
tissues [42], [47], [56].

In order to reduce tissue-related confounders, it is useful to plan each
set of measurements according to the experimental goal. The first step in
planning involves choosing the source animals (since their age or weight
could affect the dielectric properties [47], [56], [57]) and the sample tissue
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type. Aside from the source species, the number of samples needs to be
chosen based on the scientific question. Following these decisions, the next
steps include the analysis of the various tissue-related confounders and the
evaluation of different methods that aim to reduce or compensate for these
confounders.

In the next subsections, the confounders related to probe choice, sample
preparation and handling are first described. Then, a discussion of the
confounders that need to be considered during the dielectric measurement
procedure with biological tissues is provided.

3.2.1 Probe selection considerations

Open-ended coaxial probes are suitable to use with materials that are liquid
or semi-solid [75], homogeneous [75], have flat surfaces [75], [100], and have a
semi-infinite thickness [42], [47], [75]. Tissues are generally semi-solid (with
the exception of bone), but they are not always homogeneous or have flat
surfaces, and tissue samples that are much thicker and larger than the probe
tip are not always available or easy to prepare. Thus, while any probe can be
used for measuring the dielectric properties of liquids (if contained in large
beakers), the selection of the probe for measuring the dielectric properties
of tissues is affected by three main factors: sample size, heterogeneity, and
tissue surface.

3.2.1.1 Sample size and heterogeneity in relation to sensing
volume

Dielectric spectroscopy techniques permit the acquisition of the average
complex permittivity of the interrogated volume. Thus, the probe is generally
selected such that sensing volume only contains the tissue sample of interest
and no other material. Since probes with a small diameter have smaller
sensing volumes compared to large flanged probes, the sample size has to be
taken into account and compared to the sensing volume of the probe [10],
[65], [96]. For low frequency dielectric measurements, larger probes, with
outer conductor diameter normally greater than 1 cm, are typically used
and tissue samples larger than the diameter are required. Conversely, for
high frequency dielectric measurements, smaller probes with outer conductor
diameter less than 1 cm are typically used and smaller tissue samples can
be measured.

Heterogeneity of biological samples is a further factor to consider when
choosing a probe, since it is challenging to determine the tissue-specific
dielectric properties in an extended heterogeneous volume interrogated
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by the probe [10], [42], [47]. Thus, since it is more likely that smaller
probes contain less complex tissue heterogeneities than larger probes, smaller
probes are generally more suitable for characterising heterogeneous samples.
However, the dielectric characterisation of highly heterogeneous tissues,
such as breast tissue, can be challenging even with the use of smaller
probes. Therefore, in order to support the dielectric characterisation of
highly heterogeneous tissues, post-measurement histological analysis can be
conducted. Further details regarding this procedure and the challenges in
combining the histological characteristics of a heterogeneous sample with
the corresponding measured dielectric data are reported in Section 3.3.2.

3.2.1.2 Tissue surface characteristics

In addition to the sample size and heterogeneity, the quality of the tissue
surface is another consideration when selecting the appropriate probe to use.
Surface irregularities may contribute to inadequate probe-tissue contact and
poor repeatability of dielectric measurements [46], [47], [93]. Examination
of the tissue surface permits the identification of the tissue region most
suitable for the acquisition of dielectric information [155]. For instance,
thick samples and even surfaces are preferable to thin and uneven surfaces
in order to ensure good probe contact with the tissue sample [46], [75],
[93]. The use of a smaller probe on uneven tissue surfaces can result in
more reliable measurements, especially if these areas are limited or spatially
restricted [42]. Lower uncertainty in the measurements from smaller probes
on uneven surfaces may be attributed to smaller forces being applied on
smaller surfaces. Indeed, large uneven surfaces require the application of
higher forces (and consequently higher pressures) to prevent the presence
of air gaps between the probe and the tissue. An increased probe-sample
pressure may cause fluid accumulation at the probe tip [42], [47] or tissue
damage [75], both of which can affect the tissue dielectric properties and
lead to inaccurate data.

In summary, the probe needs to be selected not only on the basis of the
probe characteristics and specifications (i.e. frequency range, permittivity
range, temperature range, mechanical resistance) previously discussed in
Section 2.2.3, but also based on the properties of the tissue under investiga-
tion. The size of the selected probe has to be consistent with the sample
surface, size and heterogeneity in order to achieve good probe-tissue contact
and accurate measurements in a homogeneous region.

After selecting the probe, but before measuring the dielectric properties,
it is recommended to carefully plan the tissue preparation and handling
procedures in order to reduce tissue-related confounders, such as sample
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cooling, dehydration and damage. These confounders are examined in the
next section.

3.2.2 Tissue handling and confounders

Tissue measurements can be performed in vivo or ex vivo; the tissue prepa-
ration and handling will be different in each case. Often, for reasons of
convenience (i.e., patient safety, ethics) or due to difficulties in establishing
a good probe-sample contact with in vivo tissues, dielectric measurements
of animal and human tissues are performed ex vivo. However, in vivo
measurements may be preferred since the tissues are in their natural envi-
ronment, with blood perfusion and well-hydrated. This section discusses
these tissue-related issues in more detail.

3.2.2.1 In vivo vs. ex vivo measurements

Several authors have reported on whether or not differences exist between
tissue dielectric properties acquired in vivo and ex vivo. These studies are
discussed below in chronological order. Initially, Burdette et al. performed
in vivo measurements on canine muscle, kidney cortical tissue and fat tissue,
and differences were found between acquired in vivo data and reported ex
vivo data [42]. For all of the in vivo tissues, the measured permittivity was
higher than the permittivity reported by previous ex vivo studies [41], [42],
[156]. In particular, for in vivo canine fat tissue, the measured permittivity
values were a factor of approximately 1.5 to 3 times larger than the ex vivo
permittivity values acquired previously by other authors [41], [42], [156].
This difference in dielectric properties was most likely due to differences in
water content, in temperature, or actual physiological differences between
living and non-living tissues [42]. Next, Kraszewski et al. performed both in
vivo and ex vivo dielectric measurements on rat and cat tissues, finding only
dielectric differences less than the uncertainty at frequencies between 100
MHz and 8 GHz [44]. Schwartz and Mealing observed that the permittivity
and conductivity of frog heart, in the frequency range 0.2-8 GHz, were higher
in vivo than ex vivo, with the difference being attributed to blood perfusion
changes [52]. More recently, significant differences between in vivo and ex
vivo dielectric properties were found by Gabriel et al. [46] and Peyman et
al. [47], [57] in skin, spinal cord, skull, long bone and bone marrow in the
MW frequency range. Similar differences were not observed in other tissues
but might indicate unavoidable contamination of tissues with blood or other
body fluids [47]. From the analysis of normal and malignant human liver
tissue, O’Rourke et al. found a statistically significant difference between
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in vivo and ex vivo normal liver tissue, but not between in vivo and ex
vivo malignant liver tissue [53]. Furthermore, Halter et al. evaluated the
changes of breast cancer dielectric properties between in vivo and ex vivo
measurements and found an approximately 30% drop in the magnitude of
the permittivity in tissues analysed 300 minutes after excision [12]. More
recently, Shahzad et al. found that over the 210 minutes immediately
following excision, the relative permittivity of liver tissue, as measured on
the surface of the sample, decreased by 32 points [130]. However, this
decrease was attributed fully to dehydration of the surface of the tissue
sample, as dielectric measurements conducted on the interior of the sample
did not change considerably over the same time period [130].

As is clear from the varied results of these studies, there is no consensus
on: i) whether a difference in the dielectric properties of in vivo and ex
vivo tissues exists over the MW frequency range, and ii) if a difference
does exist, the magnitude and direction of it. Despite these results, the
difference between in vivo and ex vivo data in the MW frequency range is
generally attributed to the temperature change and tissue dehydration [12],
[31], [42], [47], [112], and recent studies following best practice in dealing
with these confounders suggest no significant difference in the dielectric
properties measured from in vivo and ex vivo measurements [48], [157].
Therefore, following best measurement practice, it is advantageous to keep
the temperature constant during dielectric measurement using a temperature
controlled container or a water bath [30], [44], [47], [54], [56]–[58] and to
minimise dehydration by limiting the time between excision and measurement
to a few hours [10], [28], [31], [44], [46], [47], [57], [58], [61], [69], [76], [112],
[158]–[160].

However, at frequencies lower than 100 MHz (i.e., below the MW range),
a larger variation between in vivo and ex vivo properties can be found. This
difference is generally attributed to physiological parameters, such as blood
flow in vessels [28], [42], [69], [112], [160], ischemia [12], [112], [159], [160],
heart rate [47], arterial pressure [47], [112], [159], respiration rate [47], air
content in lungs [158], which can affect the permittivity and conductivity
values at frequencies below the MW range.

In the following subsections, the best-practice steps involved in both in
vivo and ex vivo measurements are described: from surgical intervention,
to sample access and excision, transportation, handling and processing. In
each step, all potential tissue-related confounders, as well as the different
methods used in previous studies to compensate for them, are reported.
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3.2.2.2 In vivo procedure: surgical intervention, sample access
and excision

The first step in defining a sample handling procedure involves identifying
the surgical methods to be used for tissue access and excision. It is necessary
to define a surgical protocol that minimises tissue property modification.
The main factors interfering with the dielectric acquisition concern the use
of chemicals that alter the body physiological condition [42], [58], the use of
tools or techniques that may damage tissues [12], and tissue exposure and
cooling during the surgical operation [42], [44], [47], [52], [161].

It may be useful to test for, and take into account, the effect of anaesthe-
sia or other pharmaceuticals, which are used on animals and humans during
surgery, and which may impact physiological parameters. For instance, Bur-
dette et al. observed a decrease in body temperature due to anaesthesia [42].
However, this phenomenon has not been studied extensively and future
research in this area is needed.

During the surgery preceding the dielectric measurements, contact with
the tissue needs to be minimised in order to avoid any damage or con-
tamination. For human in vivo studies, the measurement tools need to be
sterilised prior to surgery. Normally, steam sterilisation is performed prior
to calibration [12], [53] and a calibration refresh is performed in the sterile
environment before the in vivo measurements [12].

Other important confounders to take into consideration in the operating
room during in vivo measurements are those related to the tissue exposure to
air. Specifically, air contributes to tissue cooling (from body temperature to
room temperature) and to tissue dehydration. Different techniques have been
adopted in in vivo measurements to prevent tissue cooling and dehydration.
For example, Ranck and BeMent performed experiments within a few minutes
from the surgical incision used to expose the interior tissues, and used warm
saline to wet the measurement region [161]. Schwartz and Mealing rinsed
the tissues and kept them moist with frog physiological solution [52]. Hart
and Dunfee applied Ringer’s solution with a medicine dropper to muscle to
prevent drying between the measurements [162]. However, these methods
to reduce dehydration can impact the dielectric property measurement,
since the solutions used have their own dielectric properties that will then
contribute to the dielectric measurement of the tissue. Thus, the use of
solutions, especially saline, needs to be avoided. More commonly, tissue
dehydration during an in vivo measurement is minimised by reducing the
time between the surgical incision performed to expose the tissue and the
dielectric measurement and by covering the area of interest with another
tissue between measurement times [42], [44], [47]. This technique does not
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alter the tissue properties and also minimises tissue cooling.
The tissue temperature still needs to be measured frequently, so that any

temperature change is taken into account during data analysis. In previous
studies, the in vivo tissue temperature was monitored using thermocouple
probes [28], [30], [76] and, more recently, fibre-optic thermometers [30], [31].
Infrared thermometers may also be used for tissue temperature monitoring,
since they are portable and do not require sample contact [49]. The same
sensors can also be used in ex vivo measurements.

A further crucial point in in vivo measurements concerns the probe
positioning. Typically, in ex vivo scenarios the probe-tissue contact can be
verified by visual inspection; this approach can be challenging in a surgical
setting. The probe positioning cannot be accurately planned prior to surgery;
thus, it is normally decided in the surgical theatre.

3.2.2.3 Ex vivo procedure: transportation and tissue handling

When ex vivo measurements are performed, the excised sample may be trans-
ported from the operating theatre to a secondary location for measurement,
characterisation, or histology (details on histological analysis are presented
in Section 3.3.2). The time between excision and ex vivo measurements is
minimised to prevent tissue dehydration [28], [31], [44], [46], [47], [61], [76],
[112]. Aside from water content change due to dehydration, care is generally
taken during tissue transportation to avoid changes in the sample temper-
ature. Since the temperature has a systematic impact on the measured
dielectric spectrum of biological tissues, it is usually necessary to transport
the tissue in hermetically-sealed temperature-controlled containers [10], [30],
[54], [57].

In order to prevent tissue contamination, dehydration and damage,
sample handling prior to the ex vivo measurements needs to be minimised [11],
[42], [57], [65]. The sample temperature can be kept constant during
the measurements using a water bath [30], [44], [47], [56], [57]. As the
temperature setting of the water bath may not be equivalent to the tissue
temperature, the tissue temperature needs still to be verified using an infrared
or fibre-optic thermometer [30], [31]. In this way, the tissue temperature
variation can be taken into account during data analysis. Details on how
tissue temperature affects the measured dielectric properties are reported at
the end of Section 3.2.3.

If the tissue sample undergoes post-measurement histological analysis,
the measurement sites on the sample have to be marked. Sample marking
is necessary to ensure that the histological analysis involves the portion of
tissue corresponding to the volume interrogated by the probe. In this way, a
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good correspondence between the tissue histological and dielectric properties
can be found. Further details about the histological characterisation of
tissue samples are reported in Section 3.3.2. In previous studies, acrylic
ink [10], [49] or pins [12] have been used as site markers. When ex vivo
measurements are performed on the same sites where in vivo measurements
were taken, the effect of the marker on the tissue dielectric properties should
be tested before experimental implementation in order to prevent tissue
modification or damage by the marker. Lastly, in order to maintain the
integrity of the tissue, the use of additives and preservatives is generally
avoided until the measurement is completed [58].

Having presented the confounders to consider during the planning of
the tissue measurement procedure, in the next subsection, the actual mea-
surement procedure and the key confounders that affect tissue dielectric
property measurements are discussed.

3.2.3 Acquisition of dielectric properties and
confounders

After the equipment set-up, calibration, and validation, the measurements
on in vivo or excised tissues can be performed.

In order to minimise the effects of the environmental parameters on
tissue dielectric properties, it is advantageous to perform measurements in a
climate (temperature, pressure and humidity) controlled room [47], [58].

It is important to note that the confounders related to the physical con-
ditions and characteristics of the tissue sample can be controlled, monitored
or compensated for only during the measurement phase.

Thus, in the following paragraphs, the main confounders occurring during
the measurement phase and affecting the measurement region choice, the
probe-tissue contact and pressure, as well as the tissue sample temperature,
are discussed.

3.2.3.1 Measurement region choice

The confounders mentioned in Section 3.2.1 (i.e., probe sensing volume,
tissue thickness, tissue surface, and sample heterogeneity) need not only
be considered in the planning phase, but also need to be controlled and
managed in relation to the choice of the measurement region. Additional
considerations may also be needed, for instance, in order to prevent un-
desirable reflections negatively affecting the measured data, Abdilla et al.
placed a shorting block under the sample to check for any reflections from
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the sample boundaries [54]. Confounders intrinsic to the tissue type in-
clude: fibre orientation in anisotropic tissues, presence of blood vessels,
and high heterogeneity. It was observed that anisotropic tissues, such as
muscles, present different dielectric properties according to the measurement
directions along or across the fibre [125]. At lower frequencies (10 Hz-1
MHz) the fibre direction can change the relative permittivity by 100% [125].
However, in the MW frequency range, the permittivity values between these
two sets of measurements are not substantially different [47]. Blood vessels
are non-uniformly distributed in tissues and may make up roughly 30% of
their volume [163], so the probe position relative to that of blood vessels
has to be checked by visual inspection [69], [160]. In highly heterogeneous
and mechanically stiff tissues the uncertainty is generally higher and, in
order to minimise the random errors arising from tissue heterogeneity and
complexity, it is useful to repeat the measurements at multiple sites [47],
[54], [55]. For instance, Peyman et al. stated that as many measurements
as possible should be taken on each sample tissue, and took at least six
measurements per sample [47]. In most other dielectric studies, three to five
measurement sites were generally selected on each tissue sample [28], [44],
[54].

3.2.3.2 Probe-tissue contact

Having selected the most suitable measurement region, the probe is placed
in contact with the sample. In order to reduce the uncertainty due to probe
and cable movement, in both ex vivo and in vivo measurements (in in vivo
measurements only when the animal size is relatively small), it is convenient
to move the sample towards the probe using a lift table until the entire
probe aperture makes firm contact with the tissue sample, as opposed to
moving the probe during the measurement procedure.

Measured reflection coefficient data is extremely sensitive to the probe
positioning relative to the sample surface. A high variability in the dielectric
properties can be attributed to variability in probe-tissue contact. Thus, a
firm contact between the probe and the tissue is key [10], [81]. A good quality
contact reduces the impact of confounders that increase the measurement
uncertainty, such as pressure differences [42], [47], [66], [158], air gaps [75],
[81], [98], [164] and biological fluid accumulation at the probe tip [42],
[47]. In most studies, these factors have been monitored by a close visual
inspection [10], [30], [47], [52], [75]. In order to keep the applied pressure
constant in ex vivo measurements, weighing scales or force sensors can be
placed underneath the sample holder [49]. In fact, the application of a steady
pressure contributes to more repeatable measurements [42]. However, in the
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literature to date there is no study that quantifies the error in the measured
data in terms of the variation of the applied pressure. Therefore, in the
experimental work of this dissertation, measurements to quantify the error
introduced by probe pressure variations were conducted, but it was observed
that the outcome found for one measurement site could not be extended
to all measurement sites across a sample. For instance, within the same
tissue sample, there can be some differences in terms of sample thickness,
tissue mechanical properties, water content, and surface irregularities, which
may require the application of different probe pressures on the same sample.
Thus, no specific, fixed pressure can be reported for all samples. However, a
technique that may be used to obtain a good quality contact is as follows.
First, a low pressure is applied to the probe to contact the sample. This
low pressure, if too low, can lead to data inconsistencies when repeated
measurements are taken at the same site (due to air gaps). If this occurs, a
pressure adjustment can be undertaken until measurements at the same site
are repeatable.

Other factors are also related to the applied pressure. For instance, a
low pressure applied on uneven tissue surfaces can result in poor contact
due to the presence of air gaps. Conversely, high pressure can cause tissue
compression and can prompt fluid from within the tissue to rise to the tissue
surface, or worse, can cause tissue damage [58], [158]. In previous studies,
sample contamination by biological fluids has been reduced by using cotton
wipes/swabs [47], [57], [58], [161] or suction [47]. However, the suction
method is more invasive and has the potential to dehydrate the sample.

3.2.3.3 Temperature effects

During dielectric measurements, as discussed in the Section 3.2.2, the tem-
perature needs to be controlled and monitored. While different techniques
used to monitor or control the temperature have been discussed in earlier
sections, the effect of temperature on the dielectric properties of tissues
is examined below. In previous studies, the dielectric properties of biolog-
ical tissues at discrete frequencies and temperatures were measured and,
for small temperature variations, they were presented in terms of linear
temperature coefficients, which are defined as the percent change in either
relative permittivity or conductivity per degree Celsius [40]. The provided
linear temperature coefficients are limited to a number of specific discrete
frequencies and temperatures [28], [31], [76]. Outside of these frequencies
and temperatures, the impact of temperature on the dielectric properties
may no longer be linear [31]. A brief summary of the previously published
temperature-dependent dielectric properties data is presented in Lazebnik
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et al. [31]. In the MW frequency range, the change in relative permittivity
is at most 2% per degree Celsius and the change in conductivity is between
1% and 2% per degree Celsius, depending on the tissue and on the frequency
and temperature range considered. Generally, the relative permittivity and
conductivity trends with temperature differ over frequency. However, the
magnitude change in both relative permittivity and conductivity per degree
Celsius tends to be higher at lower frequencies in most biological tissues [28],
[31], [76].

Lazebnik et al. developed a model to characterise the temperature-
dependence of liver tissue dielectric properties over the MW frequency
range [31]. In particular, from the liver dielectric measurements, Lazebnik
et al. identified different “cross-over” points in the trends of both relative
permittivity and conductivity with temperature [31]. In relative permittivity,
the cross-over point was found at about 4 GHz. Below the cross-over point,
the relative permittivity decreases slowly as temperature increases and,
above the cross-over point, the permittivity increases with temperature.
For conductivity, two cross-over points were found: one near 2–3 GHz and
the other near 16 GHz. Below the first cross-over point, the conductivity
increases slowly as temperature increases. Between the two cross-over points,
the trend reverses, and above the second cross-over point, the conductivity
again increases as temperature increases. The same trends were also found
for water [31].

More recently, temperature coefficients were provided for a wider temper-
ature range (up to 100◦C) at the discrete frequencies 915 MHz and 2.45 GHz,
which are of interest for microwave liver tissue ablation [30], [32]. The study
conducted by Brace [32] reported linear temperature coefficients across the
5-50◦C range in agreement with the results from Lazebnik et al. [31], with
coefficients of -0.22 and -0.18 in relative permittivity for the two frequency
points, respectively, and coefficients of 1.29 and -0.2 for conductivity. From
50◦C to 100◦C, both relative permittivity and conductivity were found to
decrease by as much as 50%, due to both irreversible damage of the tissues
and tissue dehydration [32].

In summary, the temperature coefficients for both relative permittivity
and conductivity depend on tissue-type, on frequency, and on the considered
temperature range. Knowledge of these temperature coefficients can be
used to compensate for the effect of the temperature change during tissue
dielectric measurements.

In this section, the importance of preplanning the measurement proce-
dure was highlighted, the measurement process overviewed, and the main
confounders involved in the measurement were described. The most com-
mon practices adopted to minimise tissue-related errors are summarised in
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Fig. 3.3.
In the next section, the steps involving data and sample post-processing

are discussed. Both data and sample post-processing are conducted to
support dielectric data interpretation.

3.3 Post-measurement processing

This section is divided into two subsections: the first presents the steps
involved in data post-processing, along with their sources of errors and
compensation techniques, and the second describes the steps involved in
sample post-processing, along with their confounders, challenges and com-
mon practices. Data post-processing generally consists of data fitting, data
consistency verification (and exclusion of data), and statistical data analysis.
On the other hand, sample post-processing generally consists of histological
analysis, which determines the tissue types present in the sample and their
relative spatial distribution and enables attributing measured dielectric
properties to the appropriate tissue type.

Both data and sample post-processing support interpretation of the
measured dielectric properties. While data post-processing is conducted
after the acquisition of the dielectric properties of any tissue sample, sample
post-processing is especially required after the acquisition of the dielectric
properties of a heterogeneous tissue sample. In fact, since homogeneous
samples are composed of only a single tissue type, histological analysis may
not provide any additional information for those samples. However, for
heterogeneous samples, histological analysis enables the identification of the
constituent tissue types that may have contributed to the acquired dielectric
properties, thus facilitating the association of the acquired dielectric data
with the tissue types constituting the sample.

3.3.1 Data post-processing

The measured tissue dielectric data is generally fitted to the dielectric models
presented in Section 2.1.3. Then, the quality of the fit is assessed by the
calculation of the error between the fitted model and the measured data.
After removing inconsistent data, the remaining data is then processed,
and often the average dielectric properties across the samples is reported.
Lastly, the fitted tissue dielectric data may be analysed statistically. Since
uncertainties may be introduced by post-processing the data, in this section,
the common practices adopted to process the acquired dielectric data are
discussed.

72



CHAPTER 3. DIELECTRIC MEASUREMENT PROTOCOL

Figure 3.3: Flowchart of the common steps to minimise tissue-related errors in in vivo
and ex vivo dielectric measurements.
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3.3.1.1 Choice of the dielectric model

The choice of the dielectric model depends on the data trend and the
measurement frequency range. The width of the frequency band typically
determines the number of poles, which is generally related to the number
of relaxation regions spanning that frequency range [67], [71]. The curve
fitting is empirical and requires knowledge of the mathematical function that
relates the model parameters [48], [71]. Optimisation algorithms are used to
find the model parameters that best fit the dielectric data. The optimisation
procedure is generally terminated when further parameter refinement does
not produce a significant change in the fit error. While mathematical models
are fitted to data based on the physical behaviour of tissues, the obtained
parameters do not typically reflect any physical meaning [15], [72].

Different models and data fitting techniques have been adopted in pre-
vious studies. In 1996, Gabriel et al. developed a parametric model to
describe the variation with frequency of the dielectric properties of seventeen
different tissue types. Although the dielectric spectrum of biological tissues
is characterised by three major relaxation regions in the frequency range
from 10 Hz to 100 GHz, a four pole Cole–Cole model was used. The addi-
tional poles provide more flexibility to achieve a better fit to the data, yet
the complexity increases due to the increased number of parameters [125].
In a number of studies, a single Cole-Cole model was used in the MW
frequency range. Abdilla et al. compared multiple-pole Cole–Cole models
(up to four poles) fitted to the measured data and the one-pole Cole-Cole
model together with a conductivity term was found to be the most suitable
model to characterise high-water content biological data [54]. This result is
in agreement with Peyman et al. [57]. In the frequency range from 0.5 to
20 GHz, Lazebnik et al. and O’Rourke et al. adopted a single-pole Cole-Cole
model to fit liver tissue data after verifying that the single-pole model was
sufficient to represent the tissue data [31], [53]. Specifically, it was observed
that a two-pole model did not result in increased accuracy in the data
fitting [31]. On the other hand, over the same frequency range, Sugitani et
al. used a two-pole Cole-Cole model to fit breast cancer tissue data, since
the conventional one-pole Debye and Cole-Cole plots did not adequately fit
the measurement results in the entire frequency range of 0.5–20 GHz [15].

3.3.1.2 Optimisation algorithms

Once the dielectric model and the number of poles are selected, the model
parameters are obtained by optimisation algorithms and fitting evaluation
methods. Several optimisation algorithms have been used to find param-
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eters that give the best fit to measured dielectric data. Generally, for
single-pole Debye or Cole-Cole models, which have a small number of pa-
rameters, traditional optimisation techniques such as the non-linear least
squares method [10], [11], [48], [54], [71], [109], [120], [128], [162], [165] and
Nelder–Mead direct search optimisation [53] are used. These techniques
require careful attention to the initial parameter estimates and the selected
parameter ranges, since the parameters of the model are interrelated to the
extent that the solution is not unique. Thus, it may be possible to find a
local, rather than a global, minimum of the error [71], [166], [167]. Evolution-
ary optimisation methods such as genetic algorithm (GA) [167]–[169] and
particle swarm optimisation (PSO) [170], [171] avoid this problem, despite
being computationally more complex. These methods are suitable for fitting
dielectric data over a broad frequency range [167]. For instance, in Kelley et
al., PSO was used to fit Debye dispersions to the Havriliak–Negami equation
over the frequency range 107–1011 Hz [171]. Furthermore, Clegg et al. used
a GA to minimise the difference between a multi-pole Debye model and
muscle dielectric data tabulated by Hurt et al. from 20 Hz to 17 GHz [167],
[172].

In the literature, the most common optimisation method is the non-linear
least squares algorithm and the most common fitting evaluation method
is the root mean square error (RMSE) [10], [48], [54], [120]. Specifically,
Lazebnik et al. obtained the single-pole Cole-Cole model parameters for
human breast tissue in the frequency range of 0.5–20 GHz by minimising
the criterion that can be viewed as the squared, scaled Euclidean distance
between the measured data and the fitted curve in the permittivity and
conductivity space [10]. The measured and fitted values were divided by
the overall measured median value for that tissue sample to enable direct
comparison between tissue samples [10].

After fitting the tissue data to the most suitable dielectric model, it is
generally ensured that the optimised parameters give similar quality of fit
to the real and imaginary parts of permittivity.

3.3.1.3 Sample data exclusion criteria and data analysis

Unusual dielectric trends may be observed when measured data does not
truly reflect the tissue dielectric properties, e.g., when the trace presents
ripples or when the relative permittivity/conductivity increases/decreases
with frequency. The consistency in the measured data is determined by the
relationship between the real and imaginary parts of the complex permittivity.
This relationship can be verified by the Kramers-Kronig theory, which shows
that for linear systems the frequency response of the conductivity is related
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to the relative permittivity, and vice versa, through the time constant [67],
[76]. In other words, the relative permittivity and conductivity cannot vary
independently.

An alternative method to test if the data is consistent comprises of
evaluating the quality of the Cole-Cole fit, since the Cole–Cole model obeys
the Kramers–Kronig relation. For instance, in the studies by Lazebnik et
al. [10], [11], the quality of the Cole–Cole fit was evaluated by defining an
acceptability threshold for the fitting criterion and excluding any data set
with a value exceeding that threshold. In Lazebnik et al. less than 5% of
the characterised tissue samples were excluded based on this physics-based
exclusion criterion [10], [11].

Furthermore, erroneous data sets can be identified from the comparison
of all the measurement results taken from the same tissue sample [28], [44].
For instance, Kraszewski et al. analysed animal tissue samples with dielectric
measurements recorded at three to five sites on each tissue type [44]. If one
or two sites out of the three to five measurement sites deviated by more than
one standard deviation, these sites were excluded from the data set. Whereas,
if three or more sites deviated by more than one standard deviation, the
measurements were repeated [44]. Also, Stauffer et al. conducted dielectric
measurements at multiple sites on each tissue type and some results were
not recorded if evident errors were visualised in the relative permittivity
(or conductivity) plot on the network analyser screen [28]. Some of these
errors were attributed to probe movement and poor probe-tissue contact [28].
However, this method is quantitative and numerical or quantitative methods
are preferred for data consistency assessment.

Once the best fit to the measured dielectric data is found and the data
reliability and consistency is verified, the fitted data may be analysed across
the frequency range and across tissue samples. Statistical methods can be
used to evaluate the variability of the tissue dielectric measurements by
calculating the mean and standard deviation of both relative permittivity
and conductivity across the sample data at each acquisition frequency. Data
post-processing may involve additional statistical analysis, such as statistical
hypothesis tests or analysis of variance (ANOVA), in order to compare
tissue data sets acquired in different conditions and to find statistically
relevant trends in the dielectric properties of specific biological tissues [10],
[11]. In these data analysis steps, it is of fundamental importance to take
into consideration the acquisition settings of the system, and the physical
conditions and the characteristics of the samples.

In the next section, the histological analysis of tissue samples is discussed
as a method to support the interpretation of dielectric data acquired from
heterogeneous biological tissues.
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3.3.2 Sample post-processing

Many studies performed in the literature involve only homogeneous (or
assumed homogeneous) tissues (for example, liver tissue [28], [54]), and thus
the samples do not undergo histological analysis. However, in this section,
the focus is on heterogeneous tissue samples. Measuring the dielectric prop-
erties of heterogeneous tissues is inherently challenging, as spectroscopy
has the effect of averaging the dielectric properties throughout the sensing
volume that is illuminated by the electromagnetic field [10]. Thus, in the
following subsections, histological analysis methods used in the literature for
attributing dielectric properties to heterogeneous samples are overviewed, af-
ter a general description of the histology process and its confounders. Finally,
the confounders that are of specific concern for dielectric characterisation of
heterogeneous samples are examined.

3.3.2.1 Histological analysis and confounders

Histology is the study of the microscopic structure of cells and tissues; while
histopathology refers to the same but with diseased tissue [173], [174]. There
are multiple steps involved in the histological analysis of a tissue sample:
the sample must be fixed, processed, embedded in wax, sliced, mounted on
slides, stained, then imaged [175]. Following these steps, the images of the
slices are ready to be analysed by a pathologist. The pathologist is able to
determine: i) the types of tissues present; ii) if diseased tissue is present, the
disease grade and other characterisations (for example, with breast cancer,
the hormone receptor status) [174]; and iii) the distribution of the tissue
types within the sample.

The histological procedure is time-consuming not only because it consists
of multiple steps, but also because each step can be affected by numerous
factors, such as poor fixation, uneven levels of staining, different procedures
of slide digitation, and poor histological interpretation. In particular, poor
fixation of the sample can lead to changes in the tissue structure [10], [175],
and uneven levels of staining can result in images that are incomplete or out
of focus [175]. Slide digitation can have variations in lighting conditions and
magnification that can affect interpretation of the results, particularly when
comparing across slices [175]. Furthermore, the histological interpretation
of a slice is subjective, and variability in results between pathologists are
possible [176]–[178]. Computer-aided diagnosis (CAD) and prognosis (CAP)
methods are currently being investigated to create a fully automated analysis
that is faster and more consistent than a human-based analysis [175]. An
excellent review of challenges associated with histopathological analysis can
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be found in the study by Veta et al. [175].
A limited number of studies involving histological analysis to support

the interpretation of the measured dielectric properties of heterogeneous
tissues have been presented in the literature [10], [12], [15], [49], [112]. All
of these studies have been performed on breast tissue, due to the need for
breast tissue dielectric properties in microwave breast imaging. While the
histological procedure was not detailed in the studies conducted by Sabouni
et al. [112] and Martellosio et al. [49], the histological procedure was reported
in other studies, which are described and compared below.

In the studies conducted by Lazebnik et al. [10], [179], several hundred
dielectric measurements were taken from normal and malignant excised
breast tissue samples using an open-ended coaxial probe. The measurement
sites were marked on the tissue samples using a spot of black ink. Lazebnik
et al. conducted a histological analysis of each sample based on the tissue
composition inside the region of the sensing volume of the probe that
was 7 mm wide and 3 mm deep, as determined by Hagl et al. [65]. In
this way, a cross-section of each tissue sample was taken directly below
the measurement site (i.e., the ink spot). Digital microscopy images were
obtained and visually inspected. The tissue composition within the sensing
volume was quantified based on the percentage of each tissue type residing
within the slice under consideration. The 2-dimensional cross-section was
used to obtain an estimate of the tissue composition in the full 3-dimensional
sensing volume. The percentages of each tissue type, including adipose (fat),
glandular and fibroconnective tissue, along with benign and malignant tissue,
were estimated visually by qualified pathologists [10], [179] and supported
the sample categorisation discussed in Section 2.4.2. A Kappa statistic was
used to confirm consistency in the analysis between different pathologists.
Several exclusion criteria were applied during the histological process. In
particular, samples were eliminated from further consideration if the ink spot
was not visible, if the ink had leaked into the tissue, or if the cross-sectional
slice was deformed. In these studies, nearly half of all samples (49.8%) were
excluded based on difficulties during the histological procedure [10], [179].

Following the studies by Lazebnik et al. [10], [179], Halter et al. performed
a study that also examined the region under the probe using histological
analysis [12]. In the study conducted by Halter et al. [12], the dielectric
properties of in vivo and ex vivo breast tissue were measured in the MW
frequency range with open-ended coaxial probes. After the in vivo tissue
measurement was recorded, a biopsy clip was embedded in the tissue at the
measurement site. The tissue was then excised and sectioned into 5 mm
thick pieces. The excised samples were measured again (at the same site
as for in vivo, as identified by the clip). Initially, the pathologist examined
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a 1 cm x 1 cm square area around the measurement site, and thus the
tissue types were estimated based on a large area. Later, the strategy was
improved by inserting two pins covered in ink into the tissue on either side of
the depression left by the probe in order to mark the measurement site. The
tissue sample was fixed with formalin, stained, and then slides were prepared.
The pin holes were then used during the analysis to determine the probed
region in which the tissue types were estimated by the pathologist. The
pathologist examined the tissue histology within the 1 cm x 1 cm region,
which was a slice parallel to the probe-sample interface (i.e., perpendicular
to the plane of the probe axis), unlike the vertical (or axial) slice used in
the study conducted by Lazebnik et al. [10], [11]. However, in both cases,
the full tissue composition within the sensing volume was estimated based
on the one given slice. Furthermore, as only one pathologist was involved
in the study, a Kappa analysis similar to that in the study by Lazebnik
et al. [10], [11] was not needed. In this study, details were not provided
regarding whether or not samples had to be excluded from consideration
due to histological challenges.

Most recently, in the study conducted by Sugitani et al. [15], excised
breast tissue samples were obtained and their complex permittivities mea-
sured using an open-ended coaxial probe. The samples contained a combina-
tion of cancerous tissue, normal fat tissue, and normal stroma (connective)
tissue. The study aimed to calculate the effective permittivity of the cancer-
ous tissue based on the idea that each sample is an inhomogeneous mixture
of cells with different permittivities. It was proposed, and confirmed, that
since the cancerous tissue is composed of cancer cells mixed in with normal
cells, the volume fraction of cancer cells in a sample affects the dielectric
properties. In particular, each sample was treated with a hematoxylin-eosin
stain and then digital images of each slice (parallel to the probe-sample inter-
face) were taken. The slide images were analysed by counting the number of
pixels of cancer cells and cells of other tissue types presented. The ratios of
each type of tissue cell, relative to all of the cells in the slice, were calculated.
The three-dimensional fractional volume of each cell type was calculated
based on the two-dimensional slice using Bruggeman’s effective medium
approximation theory [180]. This method has the advantage of being highly
quantifiable – each cell is counted – however, the process is tedious and
time-consuming. In this study, the sample analysis was not restricted to
a specific region of the sample (sample sizes ranged from 5–30 mm). Fur-
thermore, the study does not mention if any samples had to be discarded
or were contaminated during the histological procedures. A similar study
on various types of malignancies was presented by Sugitani et al. [122], for
which the pathological procedures were the same as those by Sugitani et
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al. [15].
From the studies mentioned above, it is clear that there is no consensus

to date on the best practice for conducting histology in relation to dielectric
measurements. Since no comparison of the different histology techniques
has been reported in the literature, it is not known if some methods are
more accurate than others. However, it is likely that some features from
each of the studies lend themselves to obtaining more accurate data.

For instance, it is straightforward to conclude that a marker that is
resistant to the histology process and is non-invasive (i.e., does not damage
the measurement region) has the potential to reduce the uncertainty due
to the probe location marking on tissue samples. In the study by Lazebnik
et al. [10], [11], the use of a non-invasive black ink caused the rejection of
nearly half of all samples, because the ink was not always resistant to the
chemicals used in the histology process. Conversely, pins and stitches as
used by Halter et al. [12] are resistant to the histology process, although
they can damage the tissue. For this reason, the results from these two
studies suggest that it can be preferable to use pins and stitches (instead of
black ink), but around and not within the measurement region, in order to
avoid tissue damage.

Furthermore, recent studies have suggested limitations in the method-
ology used in the breast tissue studies conducted by Lazebnik et al. [10],
[11] to combine the acquired dielectric data with the histological content
of the sample [66]. Specifically, the study conducted by Meaney et al. [66]
reported that the inconsistencies in breast tissue data in the literature may
be attributed to an inaccurate evaluation of the sensing depth of the probe,
and thus to an imprecise correspondence between the sensing volume and
the dielectric contribution of each tissue type to the acquired data.

Due to the numerous challenges in accurately evaluating the sensing
volume and the dielectric contribution of each tissue type within the sensing
volume, the sensing volume and the correlation between dielectric and
histological data are thoroughly discussed in the next subsection.

3.3.2.2 Challenges in attributing dielectric data to
heterogeneous samples

The first challenge of attributing the acquired dielectric data to the histolog-
ical content of the heterogeneous sample relates to an accurate calculation
of the sensing volume of the probe. Once the sensing volume is defined,
another challenge involves the correlation of the histological content of the
sample with the acquired dielectric properties. In this section, the sensing
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volume is examined first, followed by the issue of correlating tissue content
with bulk tissue properties.

The sensing volume of an open-ended coaxial probe consists of sensing
radius and sensing depth, which define the radial and longitudinal extents
of the volume, respectively. The sensing radius and depth also delineate the
radial and longitudinal sizes, respectively, of the region of sample that un-
dergoes histological analysis, i.e., histology region, as shown in the diagrams
of Fig. 3.4.

The sensing radius and depth can be determined by preliminary experi-
ments and numerical simulations with different combinations of materials,
as in numerous past studies [63], [64], [66], [128], [135], [163], [181], [182].
Specifically, across these studies, although similar methodologies and probe
geometries have been used, considerably different values of sensing radius
and depth have been reported [63]–[66]. Differences in sensing radius and
depth estimates can be attributed to the different definitions, on which the
estimation of the sensing radius and depth is based. To this extent, Porter
and O’Halloran [63] demonstrated how different definitions of sensing depth
can impact the estimates of the sensing depth.

Hence, although similar coaxial probes operating at MW frequencies
were used across the breast tissue studies (the Keysight slim form probe
with a diameter of 2.2 mm was used in [12], [15], [49] and a custom made
probe with a diameter of 3 mm was used in [10], [11]), inconsistent values
of sensing radius and depth were considered for the histological analysis
(due to the different criteria adopted for defining and estimating the sensing
volume). Specifically, the following values of sensing radius x sensing depth
were considered:
• 1 cm x 1 cm in Halter et al. [12];
• 7 mm x 3 mm in Lazebnik et al. [10], [11];
• 5-30 mm size samples in Sugitani et al. [15];
• 2 mm x 2 mm in Martellosio et al. [49].
The different values of sensing volume, and the resulting high variability

of the histology regions considered across the above studies, may have
contributed to the inconsistencies in the reported dielectric data of the
breast tissue, as was discussed in Section 2.4.2.

To this extent, the impact of the defined and calculated sensing volume
on the interpretation of the dielectric data from heterogeneous tissues
is demonstrated in Fig. 3.4. In particular, this figure demonstrates the
importance of matching the sensing volume with the histology region in
order to achieve an accurate interpretation of the dielectric data. All of the
diagrams in Fig. 3.4 refer to a simplified, single longitudinal breast histology
slice (parallel to the plane of the probe axis) consisting of eight fat modules
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(a)

(b)

(c)

Figure 3.4: Histology diagrams of a breast sample composed of fat and gland modules
(distinguishable by their distinctive colours) highlighting the impact of the sensing volume
on the tissue categorisation and thus on the interpretation of the acquired dielectric
data. In (a-c), the probe location is denoted with a black oval on the top of the side
view of the sample histology, where different values of sensing radius and depth are
marked with dotted lines. Specifically, in (a), the sensing volume is expressed by r1 and
d1 and delineates the histology region occupied by 100% fat, in (b), the sensing volume
is expressed by r2 and d1 and delineates the histology region occupied by 50% fat and
50% gland, and, in (c), the sensing volume is expressed by r2 and d2 and delineates the
histology region occupied by 67% fat and 33% gland.
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and four gland modules. The two different tissue modules are distinguishable
by their distinctive colours, white for fat and pink for gland. Furthermore,
the probe location is denoted with a black oval on the top of the side view
of the sample histology, where different values of sensing radius and depth
are marked with dotted lines in each of the diagrams. By comparing these
diagrams, Fig. 3.4 illustrates how the tissue composition of the histology
region changes by modifying in turn the values of sensing radius and depth,
respectively. For instance, in Fig. 3.4a, a sensing radius and a sensing depth
having r1 and d1 values, respectively, delineate the histology region that is
composed entirely of homogeneous fat tissue. Alternatively, as represented
in Fig. 3.4b, if the sensing volume is expressed by r2 (which is double the
size of r1) and d1, then the histology region occupied by 50% fat and 50%
gland is delineated. Finally, if the sensing volume is expressed by r2 and d2

(which is now 50% larger than d1), the histology region consists of 67% fat
and 33% gland.

With these diagrams, the significance of the sensing volume in categoris-
ing the tissue types present in the sample, and then in interpreting the
acquired dielectric data, is highlighted. For instance, if r2 and d2 are the
accurate values of sensing radius and depth, respectively, and instead r1

and d1 are the values considered for the definition of the histology region,
then a considerable error is introduced in the dielectric characterisation of
that heterogeneous sample. In fact, although both fat and glandular tissue
contribute to the acquired dielectric data in this case, the dielectric data is
erroneously associated only to fat tissue.

Furthermore, as the sensing volume can be tissue-specific, as reported
in the studies conducted by Porter et al. [63], [64], the types of tissues
and their relative locations within the sample also need to be considered
while defining the histology region and attributing the dielectric data to
the heterogeneous tissue sample. Due to the tissue-specificity of the sensing
volume, the dielectric contribution of each tissue type cannot be considered
proportional to the volume occupied by the tissue within the sensing volume,
as it was erroneously assumed in the breast tissue dielectric studies [10]–[12],
[15], [49]. Specifically, most recent studies demonstrated that the measured
dielectric properties are dominantly influenced by the materials that are
the closest to the probe tip [63], [64], [66]. Thus, although the histology
regions in Fig. 3.4b and Fig. 3.4c have different tissue compositions, they
are likely to correspond to dielectric measurements of similar magnitude,
since the bottom fat layer is likely to have a very small dielectric impact
to the acquired signal compared to the top layers. In addition, although
the histology region in Fig. 3.4b consists of 50% fat and 50% gland, the
corresponding dielectric signal could be closer to the permittivity of fat than
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the permittivity of gland, since the acquired dielectric signal could be more
influenced by fat than gland due to the fact that fat is the tissue closest
to the probe tip. However, in the literature, the differences in dielectric
contribution among tissues based on their location relative to the probe tip
has been accurately quantified only for layered tissue samples [63], [64], [66],
[135]. Thus, further studies are needed to quantify the dielectric contribution
of tissues across samples with different heterogeneities.

Lastly, another factor that complicates the attribution of the dielectric
data to the heterogeneous tissue sample is that not every tissue is occupied
fully by cells of that tissue type [15]. Obviously, as more tissue types are
involved in the histological analysis and the histology region becomes more
heterogeneous, the more challenging it becomes to conclusively determine
the tissue composition breakdown.

The numerous confounders involved in interpreting the acquired dielectric
data, together with the lack of a consistent histological procedure, provide
the motivation for the experimental objectives of this dissertation, which
are discussed in the following chapters.

3.4 Summary

This chapter has discussed each step of the open-ended coaxial probe measure-
ment procedure, highlighting common practices, challenges, and techniques
for controlling and compensating for confounders.

The main focus of the chapter is the topic of tissue-related confounders,
which generally contribute to higher values of uncertainty compared to
equipment-related confounders and do not have standardised compensation
methods. Based on previous dielectric studies, the tissue-related confounders
that introduce higher errors in tissue dielectric properties are:
• Probe-sample contact;
• Sample moisture content;
• Heterogeneity.
In Sections 3.2.2 and 3.2.3, compensation techniques for these confounders

were also described. In particular, along with a close visual inspection of the
probe tip and the tissue surface, the probe-sample contact can be improved
by applying a steady pressure with the probe on the sample, which can be
monitored by conducting repeated measurements on the same exact site.

In addition, the sample moisture content can be controlled and dehy-
dration reduced by minimising the time between tissue surgical removal
and dielectric data acquisition, and by keeping the sample in temperature-
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controlled rooms (or containers, in case transportation is involved) or in a
water bath.

Lastly, the measurement issues related to tissue heterogeneity could be
reduced by carefully selecting the tissue measurement regions and marking
them on the sample surface. This procedure ensures that the histological
analysis is performed exactly at the measurement site. However, in order to
find an accurate correspondence between dielectric and histological proper-
ties, it is appropriate to consider additional steps involving the histological
procedure and the selection of the portion of the sample to image digitally
at the microscope (i.e., selection of the dimension and the number of the
histology slices, which constitute the histology region). Furthermore, the his-
tological procedure and the selection of the histology region can be affected
by a number of confounders that have not been thoroughly investigated in
the literature. Specifically, general confounders (i.e., not tissue-specific) that
can affect the histology procedure are the following:
• Poor fixation;
• Uneven levels of staining;
• Different procedures of slide digitation;
• Inconsistent histological interpretation and tissue categorisation.
Moreover, challenges in the selection of the histology region and, conse-

quently, in the interpretation of dielectric data involve:
• Calculation of the size of sensing radius and sensing depth, which

constitute the sensing volume of the probe;
• Calculation of the dielectric contribution of each tissue within the

sensing volume to the acquired dielectric data.
The sensing volume and the tissue dielectric contributions are generally

determined by preliminary experiments and numerical simulations, as in
the study by Hagl et al. [65] and in most recent studies [63], [64], [66], [135].
The calculation of the sensing volume and the dielectric contribution of
each tissue occupying the sensing volume are not straightforward, since
both sensing volume and dielectric contribution can be sample-specific, i.e.,
dependent on the characteristics of the tissue sample [63], [64], [66]. For
instance, the sensing volume may vary with the dielectric properties of
the investigated tissue, not only with the size of the probe [63], [64], [66].
Furthermore, the dielectric contribution of a tissue to the acquired signal
can depend on the location of the tissue within the sensing volume, not
necessarily only on the volume occupied by the tissue within the sensing
volume [63], [64].

Due to these challenges and the lack of research studies investigating
methods to address them, in the next chapters of this dissertation, experi-
mental measurements and numerical simulations are reported to support
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the calculation of the sensing volume and the tissue dielectric contribution
(within the sensing volume) for heterogeneous biological samples. Thus, the
experimental objectives of this dissertation support the interpretation of
dielectric properties acquired from heterogeneous tissue samples.

In summary, Chapter 3 has provided the framework for best practice
in the dielectric measurement of biological tissues, which supports the
measurement protocol adopted in the following chapters. This chapter has
also highlighted gaps in the dielectric characterisation of heterogeneous
samples (which require knowledge of the sensing volume and the dielectric
contribution of each tissue within the sensing volume to the acquired data).
These gaps are addressed through the work of this thesis.
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Chapter 4

Analysis of the sensing radius of
an open-ended coaxial probe

Related publications

The experimental and numerical studies presented in this chapter have
been reported in two journal papers. In particular, the analysis of the sensing
radius based on the probe dimensions has been summarised in the paper en-
titled “Predicting the Sensing Radius of a Coaxial Probe based on the Probe
Dimensions”, which is under review in the journal of IEEE Transactions on
Antennas and Propagation.
The analysis of the sensing radius based on the sample dielectric properties
has been published in the paper entitled “Modelling the Sensing Radius of a
Coaxial Probe for Dielectric Characterisation of Biological Tissues” in the
journal of IEEE Access (A. La Gioia, M. O’Halloran, and E. Porter, “Mod-
elling the Sensing Radius of a Coaxial Probe for Dielectric Characterisation
of Biological Tissues,” IEEE Access, vol. 6, pp. 46516–46526, 2018).

In Chapter 2, inconsistencies in dielectric data from the literature were
presented and it was demonstrated that these inconsistencies tend to increase
with the heterogeneity of the investigated biological sample. By critically
examining the measurement protocol for accurate dielectric characterisation
of biological tissues in Chapter 3, data inconsistencies in heterogeneous
samples were attributed primarily to discrepancies in the methodology
adopted to interpret the acquired dielectric data in relation to the sample
tissue content. Included among these discrepancies are the inconsistent
procedures for calculating the sensing volume of the measurement probe,
which consists of sensing radius and sensing depth, and defines the portion
of sample that undergoes post-measurement histological analysis.

Since recent research studies have investigated the impact of the sensing
depth definition and calculation on the dielectric characterisation of a number
of biological tissue samples, this chapter focuses on the investigation of the
sensing radius. Similarly to the sensing depth investigations in the literature,
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which were conducted by performing dielectric experiments and numerical
simulations on layered material samples, in this chapter, the sensing radius
is investigated both experimentally and numerically by examining concentric
tissue-mimicking materials and biological tissues. In particular, the sensing
radius is calculated in a number of scenarios involving different coaxial
probes and concentric samples in order to evaluate the dependence of the
sensing radius on both the physical dimensions of the probe and the dielectric
properties of the investigated sample.

Firstly, Section 4.1 reports the state-of-the-art in analysing the sensing
volume, which provides the motivation for the experimental and numerical
studies discussed in the following sections of this chapter.

Secondly, in Section 4.2, the experimental and numerical methodology for
the calculation of the sensing radius across various scenarios is motivated and
detailed. Specifically, Section 4.2.1 reports the experimental methodology,
which consists of the following steps:
• Assessment of the overall performance of the measurement system

by conducting measurements on reference liquids and calculating the
measurement uncertainty;
• Selection of the measurement probes and samples;
• Design of the dielectric measurement protocol.
Section 4.2.2 reports the numerical geometry, the simulation design and

settings used to reproduce, validate and then extend the experimental study.
Lastly, Section 4.2.3 concludes the methodology section with the description
of the implemented models used for predicting the sensing radius from
knowledge of probe dimensions and tissue dielectric properties.

Furthermore, the results are presented and discussed in Section 4.3 in
three different subsections as follows:
• Section 4.3.1 analyses the dependence of the sensing radius on the inner

conductor, insulator width, and inner radius of the outer conductor of
the probe;
• Section 4.3.2 analyses the dependence of the sensing radius on the

tissue dielectric magnitude and contrast;
• Section 4.3.3 reports the accuracy of the linear regression and neural

network models at predicting the sensing radius from knowledge of
the probe dimensions and tissue dielectric properties.

The main findings of the above results are finally summarised in Section
4.4.
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4.1 Sensing radius of an open-ended coaxial

probe

As the open-ended coaxial probe became the most common technique to
measure the dielectric properties of biological tissues, a number of probes
were fabricated, as discussed in Chapter 2. Generally, after designing and
fabricating the probe, the measurement uncertainty and the sensing volume
of the probe are evaluated. Knowledge of the sensing volume enables accurate
dielectric characterisation of the tissue of interest for both homogeneous
and heterogeneous samples. However, as mentioned in Chapter 3, different
procedures to define the sensing volume have been adopted in the literature.
Therefore, the importance of an accurate evaluation of the sensing volume is
provided in Section 4.1.1, the state-of-the-art in sensing volume investigations
is reported in Section 4.1.2, and the definition of sensing radius considered
in this thesis is provided in Section 4.1.3.

4.1.1 Importance of an accurate evaluation of the
sensing volume

Dielectric measurement with the coaxial probe is based on the assumption
that the measured sample is homogeneous and has infinite size in the
transverse and longitudinal directions [183]. In practice, all samples have
limited size. In addition, biological tissues generally show heterogeneous
structures, which further complicate dielectric measurements with a coaxial
probe.

Generally, biological tissue samples are dielectrically characterised by
either determining the dielectric properties of each tissue type constituting
the sample [48], [61] in the case of simple heterogeneous structures (where
homogeneous tissue regions are at least as large as the sensing volume), or by
correlating the dielectric data acquired from the heterogeneous sample region
with the sample histological content in the case of complex heterogeneous
structures [10], [11]. However, in both scenarios, knowledge of sensing
volume is fundamental for an accurate dielectric characterisation of the
samples.

In the case of simple heterogeneous structures, knowledge of the sensing
radius and depth allows definition of the minimum width and thickness,
respectively, of the homogeneous tissue that can be accurately dielectrically
characterised, without the influence of the surrounding tissues [183]. In
fact, if the width (or thickness) of the homogeneous tissue is smaller than
the sensing radius (or depth), the dielectric measurements of the tissue of
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(a) (b)

Figure 4.1: Example illustrating the importance of knowledge of the sensing radius of
the measurement probe for the dielectric characterisation of single tissue types within
heterogeneous samples. Both (a) and (b) illustrate a portion of porcine kidney, where
the cortex is separated from the medulla with a black dashed line. In (a) and (b) the
transversal sensing areas corresponding to the sensing radii r1 and r2, respectively, are
marked with a black solid line. The figure highlights how an inaccurate evaluation of
the sensing radius can lead to an inaccurate dielectric characterisation of tissues: if the
sensing radius r1 is erroneously considered (instead of the correct sensing radius r2), the
measured dielectric data is erroneously associated only to the cortex, although the medulla
is within the sensing area and is likely to contribute to the dielectric measurement.

interest are not accurate, since the properties are affected by other tissues
or materials surrounding the tissue of interest. On the other hand, if only
the homogeneous tissue region is contained within the probe sensing volume,
the dielectric properties of the homogeneous tissue are accurately measured.

In particular, in Fig. 4.1, the importance of rigorously evaluating the
sensing radius for an accurate dielectric characterisation of the kidney cortex
is highlighted. In Fig. 4.1, an image of a porcine kidney sample is shown
with a black dashed line indicating the interface between the cortex and the
medulla. In Fig. 4.1a and Fig. 4.1b, the transversal sensing areas for the
sensing radius r1 and r2, respectively, are marked with a black solid line. In
fact, if the sensing radius r1 is erroneously considered (instead of the correct
sensing radius r2), the measured dielectric data is erroneously associated
only to the cortex, although the medulla is within the sensing area and is
likely to contribute to the dielectric measurement. Thus, Fig. 4.1 highlights
how an inaccurate evaluation of the sensing radius can lead to an inaccurate
dielectric characterisation of the cortex.

In the case of highly heterogeneous structures, knowledge of the sensing
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radius and depth enables delineating the radial and longitudinal extents,
respectively, of the portion of sample to characterise histologically in order
to accurately correlate the dielectric data obtained from the heterogeneous
measurement region to the histological information within that region [10],
[63]. The importance of the sensing radius and depth for the dielectric
characterisation of heterogeneous samples with the support of histological
analysis is illustrated in Fig. 3.4 of Chapter 3.

Having demonstrated the importance of the sensing volume in different
dielectric measurement scenarios, the different methodologies adopted for
evaluating the sensing volume across past studies are reported in the following
section.

4.1.2 State-of-the-art in sensing volume studies

In the 1970s, mathematical models reproducing the interaction of a coaxial
probe with samples of finite thickness have been developed [184] and re-
placed the models based on the assumption of sample of infinite size [99].
Subsequently, the sensing volume of coaxial probes has been investigated
to determine the minimum sample size necessary for accurate dielectric
measurements of custom materials surrounded by other materials [181].
Specifically, a number of studies have investigated the sensing depth across
scenarios involving different probes and tissue-mimicking/biological sam-
ples [63], [65], [66], [128], [181]–[183], [185]–[187]. Conversely, only a few
studies including limited numbers of probes and tissue-mimicking samples
have examined the sensing radius in the literature [65], [181], [183], [187].
The historical sensing depth and sensing radius investigations are reported
in chronological order in Table 4.1 and Table 4.2, respectively.

In the studies summarised in Table 4.1, the sensing depth has been
investigated experimentally and/or numerically with bi-layered structures
consisting of a top material of varying thickness backed by a material of
fixed large thickness (much larger than the sensing depth) [63], [65], [66],
[181]–[183], [185]. In a similar way, in the studies summarised in Table 4.2,
the sensing radius has been investigated experimentally and/or numerically
with concentric structures consisting of an inner material of varying radius
surrounded by a surrounding material of fixed large radius (much larger
than the sensing radius) [65], [181], [183], [187]. In most studies, the sensing
depth has been defined as the minimum thickness required for the top
material so that the dielectric contribution of the backed material (in terms
of either total equivalent capacitance CT of the sample, reflection coefficient
Γ, or permittivity ε) is negligible (under a certain level, generally ranging
from 1 to 10%) [63], [65], [66], [181]. Similarly, the sensing radius has

91



CHAPTER 4. SENSING RADIUS OF COAXIAL PROBES

Table 4.1: Summary of sensing depth investigations in the literature.

Study
Frequency
[GHz]

Sample materials
Sensing depth
definition

Sensing
depth
value

Anderson
et al. [181]
(Experimental
and numerical)

0.20-2
1st layer: water
2nd layer: metal/air

1st layer thickness at
which:
CT−C1stlayer

C1stlayer
≤ 0.01

6 mm for
a 6.4 mm
diameter
probe

Chen
et al. [185]
(Experimental
and mathemat-
ical)

0.60-2

1st layer: rubber
band/ wax
2nd layer: DI water/
saline

Mathematical formula-
tion by combining the
equivalent capacitance
model of the probe
and the admittance
expression

N/A

Bakhtiari
et al. [186]
(Numerical and
mathematical)

0.10-12
1st layer: lossy me-
dia
2nd layer: metal

Mathematical formula-
tion with admittance
expressions supported by
simulations

N/A

De Langhe
et al. [183]
(Experimental
and numerical)

0.50-1.5
1st layer: water
2nd layer: metal

1st layer thick-
ness at which:
Γmeas−Γ1stlayer

Γ1stlayer
≤ 0.01

' 2b

Folgerø
et al. [182]
(Experimental
and numerical)

0.50-15
1st layer: reference
liquid
2nd layer: Teflon

1st layer thick-
ness at which:
εmeas−ε1stlayer

ε1stlayer
≤ 0.02

' b

Alanen
et al. [128],
[164]
(Experimental,
numerical and
mathematical)

0.30

1st layer: reference
liquids
2nd layer: Teflon/
acrylic

Variational formula-
tion with the support
of experiments and
simulations

N/A

Hoshina
et al. [187]
(Experimental
and numerical)

0.86
1st layer: saline
2nd layer: metal

1st layer thickness within
which: ε̄meas − 3std 6
εmeas 6 ε̄meas + 3std

5.4 mm for
a probe with
b=5 mm

Hagl
et al. [65]
(Experimental
and numerical)

1-20

1st layer: reference
liquids
2nd layer: beaker
bottom

1st layer thick-
ness at which:
Γmeas−Γ1stlayer

Γ1stlayer
≤ 0.01

and
εmeas−ε1stlayer

ε1stlayer
≤ 0.1

1.5 mm for
a 2.2 mm
diameter
probe
3 mm for
a 3.58 mm
diameter
probe

Meaney
et al. [66],
[135]
(Experimental
and numerical)

0.30-10

1st layer: reference
liquids
2nd layer: Teflon/
acrylic

1st layer thickness at
which the curve of mea-
sured properties versus
1st layer thickness devi-
ates from a straight line
by 20%

d = 0.1793 x−
0.0091 where
x is the
probe diame-
ter

Porter
et al. [63],
[64]
(Experimental
and mathemat-
ical)

0.30-8.5

1st layer: reference
liquids/tissues
2nd layer: phan-
toms/tissues

1st layer thick-
ness at which:
εmeas−ε1stlayer

ε1stlayer
≤ uc

where uc is the mea-
surement combined
uncertainty. The results
were also embedded
in models to predict
the material dielectric
contribution.

from
1.20 mm
to 3.59 mm
for a 2.2 mm
diameter
probe (based
on frequency
and sample)
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Table 4.2: Summary of sensing radius investigations in the literature.

Study
Frequency
[GHz]

Sample
materials

Sensing radius
definition

Sensing
radius
value

Anderson
et al. [181]
(Numerical)

0.20-2

Inner material:
water
Outer material:
metal

Inner material radius at
which the electric field is
negligible

' probe total
radius

De Langhe
et al. [183]
(Numerical)

0.50-1.5

Inner material:
water
Outer material:
metal

Inner material radius at
which:
Γmeas−Γinner

Γinner
≤ 0.01

Satisfies the
relationship:
πR2

(πb)2
> 2 with

R=sensing
radius

Hoshina
et al. [187]
(Numerical)

0.86

Inner material:
saline
Outer material:
metal

Radial extent at which
the normalised power is
-39.4 dB (i.e., the power
at which the effect of the
outer material is negligi-
ble)

2.95 mm for
a probe with
b=5 mm

Hagl
et al. [65]
(Experimental
and numerical)

1-20

Inner material:
reference liq-
uids
Outer material:
beaker wall

Inner material radius at
which:
Γmeas−Γinner

Γinner
≤ 0.01

and
εmeas−εinner

εinner
≤ 0.1

1.25 mm for a
2.2 mm diame-
ter probe
3.75 mm for a
3.58 mm diam-
eter probe

been defined as the minimum radius required for the inner material so
that the dielectric contribution of the surrounding material (in terms of
either reflection coefficient Γ, or permittivity ε) is negligible (under a certain
level, generally ranging from 1 to 10%) [65], [181]. The two materials used
to calculate experimentally and/or numerically the sensing depth and the
sensing radius are specified in the column “Sample materials” of Table
4.1 and Table 4.2, respectively. The two tables report also the different
definitions of sensing depth and sensing radius adopted in each study and
the respective numerical values, wherever calculated.

Furthermore, from Table 4.1, it can be observed that several studies
provided mathematical formulations of bi/three-layered materials, in the
context of determining the sensing depth. These formulations allow for the
calculation of the permittivity of a layer of material from knowledge of the
geometry of the layered structure and the bulk measured permittivity. On
the other hand, no mathematical formulations of concentric materials were
provided in the sensing radius investigations reported in Table 4.2.

Hence, from the studies summarised in Table 4.1 and Table 4.2, it
is clear that, contrary to the sensing depth, the sensing radius has not
been investigated thoroughly in the literature. Notably, only Hagl et al.
investigated the sensing radius experimentally. However, in the study by
Hagl et al., the sensing radius was analysed with experiments and simulations
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including only a limited number of reference liquids and no biological tissues.
For this reason, this chapter examines the sensing radius across a number of
scenarios involving probes with different geometries and biological samples
with different permittivities.

Before introducing the experimental and numerical methodology, the
following subsection motivates the definition of sensing radius used in this
thesis.

4.1.3 Sensing radius definition

In this thesis, the sensing radius is investigated both experimentally and
numerically with concentric samples consisting of an inner cylindrical ma-
terial of increasing radius surrounded by an outer material of larger size.
This concentric sample structure is consistent with the literature and the
axially symmetric EM field radiation around the probe. The sensing radius
is then determined as the distance at which the outer material ceases to
contribute to the measured dielectric properties, within the uncertainty of
the measurement (i.e., the distance at which only the permittivity of the
inner material is detectable, within the uncertainty of the measurement).
Thus, while an arbitrary value of 10% was chosen for the calculation of the
sensing radius in the study conducted by Hagl et al. [65], in this thesis, the
determination of the sensing radius is empirically related with the uncer-
tainty of the measurement system (the calculation of which is reported in
Section 4.2.1). The methodology for the calculation of the sensing radius in
this thesis is discussed and illustrated in Sections 4.2.1 and 4.2.2.

Furthermore, in this thesis, the definition of maximum sensing radius
is also introduced, based on the awareness that the sensing radius may
vary with the dielectric properties of the investigated tissue sample. Thus,
the maximum sensing radius is defined in this thesis as the sensing radius
obtained from materials having the maximum contrast expected in the
properties of biological tissues at MW frequencies. This maximum sensing
radius can be used for the histological analysis when the tissue composition
of the sample is unknown, due to the fact that the sensing radius for any
unknown sample cannot be larger than the maximum sensing radius. On
the other hand, when the tissue composition of the sample is known, the
sensing radius can be estimated by customised preliminary experiments or
simulations.

Based on the definition of sensing radius and maximum sensing radius
given above, concentric samples consisting of Teflon and 0.1 M NaCl solution
(saline) were selected in this thesis as materials that allow for the calculation
of the maximum sensing radius. In fact, the maximum dielectric contrast
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found between biological tissues is less than the contrast between Teflon and
saline. Thus, the sensing radius for biological tissues is likely to be smaller
than for samples consisting of Teflon and saline. In order to clarify how the
sensing radius depends on the tissue contrast in permittivity, an example is
provided in the paragraph below.

As an example, two concentrically heterogeneous samples, both composed
of 0.1 M NaCl (inner material) contributing 80% to the total measured
permittivity (regardless of the volume occupied) are considered. In this
hypothetical example, the outer material then contributes 20% to the total
permittivity in each of two samples, with one sample composed of an outer
material of Teflon, and the other of DI water. At 0.5 GHz, the relative
permittivities of saline (at 20◦C), DI water (at 20◦C), and Teflon, are 77, 79,
and 2.1, respectively. Therefore, the sample composed of saline and Teflon
has a much higher contrast in relative permittivity (77:2.1) than the sample
composed of saline and water (77:79). For both samples, the measured
relative permittivity, εr,meas, is calculated as follows:

εr,meas = w1εr1 + w2εr2, (4.1)

where εr1 is the relative permittivity of the inner material; εr2 is the relative
permittivity of the outer material; w1 is the weight of the contribution of
the dielectric properties of the inner material (0.8), and w2 the weight of
the properties of the outer material (0.2), to the bulk measured dielectric
properties. In this particular case, although the outer material has equal
dielectric contribution in both samples, the relative permittivity values
measured from the two samples are very different. The respective numerical
values of the two samples are reported in Fig. 4.2.

As is clear from Fig. 4.2, the relative permittivity of the 80% saline
and 20% Teflon sample is 62, while the relative permittivity of the 80%
saline and 20% water sample is 77.4. Although Teflon and water contribute
equally to the measured dielectric properties of their respective samples,
the relative permittivity from the 80% saline and 20% Teflon sample is
approximately 20% lower than the relative permittivity from the 80% saline
and 20% water sample. Furthermore, the 80% saline and 20% water sample
is only 0.5% different from the relative permittivity of a homogeneous
saline sample. Thus, concentric materials with a high contrast in relative
permittivity substantially affect the measured dielectric properties, but
concentric materials with a low contrast in relative permittivity introduce
only a small change in the measured dielectric properties, which may be
within the uncertainty. This outcome motivates the selection of Teflon and
saline for the calculation of the maximum sensing radius in this thesis.
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Figure 4.2: Diagram schematising the dielectric impact of individual materials within two
concentric samples: one sample with saline as inner material (dielectrically contributing
80%) and Teflon as outer material (dielectrically contributing 20%), and the other sample
with saline as inner material (dielectrically contributing 80%) and DI water as outer
material (dielectrically contributing 20%). The respective values of relative permittivity
(corresponding to 0.5 GHz) of the two samples demonstrate how concentric materials
with a high contrast in relative permittivity (like that of saline and Teflon) substantially
affect the measured dielectric properties, while concentric materials with a low contrast
in relative permittivity (like that of saline and DI water) introduce only a small change
in the measured dielectric properties, which may be within the uncertainty.

The definitions of sensing radius and maximum sensing radius provided
above support the investigation conducted in this chapter. In fact, firstly,
the investigation involves the calculation of the maximum sensing radius for
a number of probes having different physical dimensions. Then, the sensing
radius is further investigated across a number of biological tissues.

4.2 Methodology for the sensing radius

investigation

The methodology of this study consists of initial dielectric experiments,
followed by a number of numerical scenarios involving coaxial probes of
different geometries and different concentric samples.

Firstly, the calculation of the measurement uncertainty is presented to
support the definition of the sensing radius.

Secondly, an initial analysis of the maximum sensing radius of each of the
Keysight slim form, performance, and high temperature probes is conducted.
Then, the outcome of the initial experiments is validated with numerical
simulations. After verifying consistency between experimental and numerical
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results, the sensing radius analysis is completed numerically, since numerical
simulations allow for the calculation of the sensing radius across a number of
scenarios involving a controlled variety of probe geometries and concentric
material/tissue samples.

Both experiments and simulations cover the frequency range of 2-6 GHz,
which is the operating frequency of many MW imaging systems and MW
ablation applicators [12], [30], [53], [62].

Lastly, the sensing radius data obtained numerically is used to develop
linear regression models and neural networks able to predict the sensing
radius of a coaxial probe based on the probe dimensions and the dielectric
properties of the interrogated sample.

In this section, the methodology is reported in different subsections, which
discuss, in turn, the experimental methodology, the numerical methodology
and the implemented models used for predicting the sensing radius.

4.2.1 Experimental methodology

The experimental procedure consists of different steps that are reported
in this section. Firstly, measurements on standard liquids with known
dielectric properties are reported to calculate the measurement uncertainty,
which evaluates the overall performance of the system and supports the
calculation of the sensing radius. Then, the geometry of the measurement
probes is detailed, and the design of the investigated samples motivated
and described. Lastly, the dielectric measurement protocol and the sensing
radius calculation methodology are reported and discussed.

4.2.1.1 Uncertainty calculation

In this subsection, the calculated uncertainty for the measurement system
consisting of the Keysight slim form probe [113] connected to the Agilent
E8362B network analyser [188] is presented. The complete uncertainty
analysis, calculated according to the NIST guidelines [131] (as discussed in
Section 3.1.3), is reported only for the Keysight slim form probe, since similar
values of uncertainties are obtained with the Keysight performance and
high temperature probes. Furthermore, most of the dielectric measurements
and simulations described in the following sections are conducted with the
Keysight slim form probe because the slim form probe is the most commonly
used probe in recent tissue dielectric studies [12], [15], [48], [49], [54], [63],
[66] (due to the small dimensions of the probe that facilitate measurements
on irregular and heterogeneous tissue structures, as seen in Section 3.2.3).
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In particular, this subsection reports the uncertainty values associated
with measurements of 0.1 M NaCl, methanol, ethanediol, and 1-butanol
solutions. These reference liquids cover a wide range of permittivities
across the operating frequency range of the measurement system, i.e., 0.5-
20 GHz [109], and thus enable a thorough assessment of the performance of
the system within this frequency range.

The uncertainty was calculated from the analysis of repeated measure-
ments taken on the same solution across different calibrations, as in the
study conducted by Gabriel et al. [55]. Before each measurement session,
the system was calibrated using the three-load standard procedure. Er-
rors within each calibration were minimised by following the best practice
guidelines listed in Section 3.1.1. For instance:
• Errors due to cable movement were avoided by using an L-shaped

connector between the slim form probe and the VNA;
• Drift errors were minimised by allowing the VNA to warm up for over

two hours prior to use and by conducting measurements immediately
after calibration;
• Errors associated with the measurement of the load and validation

liquids were minimised by bringing the sample in contact with the
probe by a lift table, positioning the probe away from the beaker walls,
accurately recording the temperature of the measurement solution,
and removing air bubbles from the probe tip (whenever present).

Furthermore, the following settings were used for the measurement of the
reference liquids:
• 401 linearly spaced frequency points between 0.5 and 20 GHz (the

number of frequency points is a trade-off between accuracy and ac-
quisition time, and a linear scale was used since the frequency range
covers only two overlapped dispersion regions);
• A power level of -5 dBm and an intermediate frequency bandwidth

(IFBW) of 30 Hz (to reduce the trace noise of the VNA).
By following the calibration steps with the above measurement settings,

the total combined uncertainty was calculated for each reference liquid, for
both relative permittivity, εr, and conductivity, σ. As reported in Section
3.1.3, the total combined uncertainty was calculated from the standard
uncertainties associated with repeatability, accuracy and VNA drift (the
system does not present uncertainties due to cable movement, since the
cable was replaced by an L-shaped connector). Each of these standard
uncertainties were obtained as follows:
• The standard uncertainty in repeatability was assessed for each refer-

ence liquid by conducting 10 repeated measurements after each of the
three calibrations. Then, across the total 30 measurements taken from
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each reference liquid, the standard uncertainty in repeatability was
calculated as the average percent deviation of the measured dielectric
data from the mean measured dielectric data for each acquisition
frequency point.
• The standard uncertainty in accuracy was assessed for each reference

liquid from the set of measurements described in the point above,
and was calculated by computing the percent difference between the
fitted mean measured dielectric data and the dielectric model from
the literature for each acquisition frequency point. For each reference
liquid, the fitted mean measured dielectric data was obtained by fitting
the dielectric model, i.e., Debye, Cole-Cole or Cole-Davidson (the same
as the model reported in the literature for that specific liquid), to
the mean measured dielectric data using the non-linear least squares
error algorithm [169]. Specifically, fitted models with a fractional fit
error lower than 1% were accepted. Furthermore, in the literature,
the parameters of the dielectric models are generally reported across
a 95% confidence interval [55], [145]; however, the percent difference
between fitted mean measured data and model from the literature was
computed by considering the mean values of the model parameters
reported in the literature.
• The standard uncertainty associated with the VNA drift was assessed

only for the 0.1 M NaCl solution, since such uncertainty is systematic,
and thus has the same value for each solution [47], [55]. Specifically,
the dielectric effect of the VNA drift was assessed by 20 repeated
measurements performed within 2 hours from the calibration (since
the dielectric measurements reported in the following subsections were
all conducted within 2 hours from the calibration), with measurements
taken with an interval of 5 minutes. The uncertainty was then obtained
by computing the percent difference between the first measurement
(performed right after the calibration was completed) and the last
measurement (conducted 2 hours after calibration), after subtracting
the uncertainty in repeatability.

After calculating the single standard uncertainties above, the combined
and extended uncertainties can be obtained for both relative permittivity
and conductivity across specific subranges of frequencies, as reported in the
literature [47], [55] and illustrated in Section 3.1.3.

By replicating the table structure from the study by Peyman et al. [47]
(Table 3.4 in the previous chapter), Table 4.3 reports the single uncertainties,
the total combined uncertainty, and the extended uncertainties (with k = 2
and k = 3) calculated for the relative permittivity of 0.1 M NaCl across
the subrange of 0.5-10 GHz. With the same methodology, the combined
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Table 4.3: Calculation of standard uncertainty for relative permittivity measured on
0.1 M NaCl in the frequency range 0.5–10 GHz. The nomenclature and methodology follow
the guidelines defined by the NIST [131], as reported in Section 3.1.3. The calculation
was performed at each measurement frequency and averaged across the frequency range.
The uncertainty in accuracy is calculated by considering the model by Peyman et al. [146]
as reference data.

Sources of Uncertainty Uncertainty
component
a (%)

Divisor b Sensitivity
coefficient ci

Standard
uncertainty (%)
ui = (a

b
)ci

Repeatability 0.25 1 1 0.25

Accuracy 1.29
√

3 1 0.75

VNA drift 0.19
√

3 1 0.11

Cable movement 0.00
√

2 1 0.0
Combined uncertainty N/A N/A N/A 0.80
Expanded uncertainty
(k=2)

N/A N/A N/A 1.6

Expanded uncertainty
(k=3)

N/A N/A N/A 2.4

Table 4.4: Standard uncertainty for 0.1 M NaCl in terms of both relative permittivity
and conductivity across the entire measurement frequency range, divided in two frequency
subranges, 0.5-10 GHz and 10-20 GHz.

Standard
uncertainty (%)

εr σ
0.5-10 GHz 10-20 GHz 0.5-10 GHz 10-20 GHz

Repeatability 0.25 0.20 0.33 0.26
Accuracy 0.75 0.55 1.50 0.72
VNA drift 0.11 0.01 0.29 0.12
Combined 0.80 0.59 1.56 0.60

Extended (k = 2) 1.60 1.18 3.12 1.20
Extended (k = 3) 2.40 1.77 4.60 1.80

and extended uncertainties calculated for both relative permittivity and
conductivity across the entire frequency range, divided in two frequency
subranges (0.5-10 GHz and 10-20 GHz, as in the study by Peyman et al. [47]),
are reported in Table 4.4.

The uncertainty in accuracy reported in Table 4.4 was calculated by com-
puting the percent difference between the average dielectric data measured
from 0.1 M NaCl at 23.7◦C and then fitted with a one-pole Cole-Cole model
and the one-pole Cole-Cole model from the study conducted by Peyman
et al. [146]. The model reported in the study by Peyman et al. [146] was
selected as reference data because this model is valid for all temperatures
between the range 2-30◦C, as discussed in Section 3.1.2. Thus, the measured
data can be compared with the reference data obtained at the measurement
temperature of 23.7◦C.

As is clear from both Table 4.3 and Table 4.4, among the single standard
uncertainties, the uncertainty associated with the VNA drift is the lowest,
which is in agreement with the study by Peyman et al. [47]. From the tables,
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it is also evident that the standard uncertainty in accuracy is the highest.
In Fig. 4.3, the measured average data of saline is reported, with a blue

dotted line. The fitted average dielectric data, together with the standard
deviation covering 95% of the confidence interval, and the reference dielectric
data are also plotted, for both relative permittivity and conductivity (the
fitted data is reported with a black solid line, the standard deviation with
black dotted lines, and the reference data from the study by Peyman et
al. [146] with a red dash-dotted line). Furthermore, in Fig. 4.3, the measured
data is compared with other dielectric data from the literature, such as the
one-pole Cole-Davidson model from the study by Gulich et al. [73] obtained
at 23.7◦C (reported with a dash-dotted yellow line) and the one-pole Cole-
Cole model from the study by Buchner et al. [143] for temperatures of 20◦C
and 25◦C. As is clear from both relative permittivity and conductivity plots
in Fig. 4.3, both models from the studies of Peyman et al. [146] and Gulich
et al. [73] overlap with the measured data. The highest dielectric difference
between the measured and reference traces are for frequencies lower than
5 GHz, thus confirming that the uncertainty in accuracy is higher at lower
frequencies, as reported in Table 4.4. Furthermore, the measured data at
23.7◦C is in agreement with the data from the study by Buchner et al. [143],
since the measured data is within the two dielectric traces given by the
one-pole Cole-Cole models at 20◦C and 25◦C that are indicated with green
dashed and dash-dotted lines, respectively (since the average measured data
is at 23.7◦C, the measured trace is a bit closer to the 25◦C trace than to the
20◦C trace).

Along with the VNA drift, the standard uncertainty in repeatability
should be the same for every reference liquid, since the repeatability is
associated with the internal trace noise of the VNA [189]. In fact, the
standard uncertainty in repeatability obtained for saline is approximately
the same as that obtained for methanol, ethanediol and 1-butanol. Due to the
fact that the single standard uncertainties associated with the repeatability
and the VNA drift are the same for all liquid solutions, in Table 4.5, only
the standard uncertainty in accuracy, for both relative permittivity and
conductivity, is reported for the three alcohols: methanol, ethanediol, and
1-butanol. Specifically, the uncertainty values in Table 4.5 are reported for
the subrange of frequencies 0.5-5 GHz, since such values were obtained by
comparing the measured average data with the models reported in Gregory
et al. [145], which are from traceable data (obtained from a number of
measurements conducted by different systems and appropriately documented
to allow comparison with the highest standards) but only available up to
5 GHz. The results in Table 4.5 indicate that the accuracy is the lowest
for methanol, and the highest for 1-butanol. All three alcohols show higher
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(a) (b)

Figure 4.3: (a) Relative permittivity and (b) conductivity plots of the average measured
and reference data from the literature for 0.1 M NaCl. In both relative permittivity and
conductivity plots, the average measured data at 23.7◦C is reported with a blue dotted
line, the fitted data with a black solid line, together with the standard deviation (covering
95% of the confidence interval) indicated with black dotted lines, the data at 23.7◦C by
Peyman et al. [146] with a red dash-dotted line, the data at 23.7◦C by Gulich et al. [73]
with a dash-dotted yellow line, and the data at 20◦C and 25◦C by Buchner et al. [143]
with green dashed and dash-dotted lines, respectively. The plots show that the measured
data is in agreement with the data from the literature.

Table 4.5: Standard uncertainty in accuracy for the three alcohols, methanol, ethanediol
and 1-butanol across the frequency range of 0.5-5 GHz. The uncertainty values are
reported for the subrange of frequencies 0.5-5 GHz, since such values were obtained by
comparing the measured average data with the models reported in Gregory et al. [145],
which are from traceable data but only available up to 5 GHz.

Reference alcohol Accuracy in εr (%) Accuracy in σ (%)
Methanol 0.78 2.70
Ethanediol 1.30 3.58
1-Butanol 1.66 4.28

uncertainty in conductivity than in relative permittivity, as was also the case
for saline. However, overall, the uncertainty in accuracy (in both relative
permittivity and conductivity) is lower for saline than any of the alcohols,
likely because the dielectric properties of saline are similar to the dielectric
properties of DI water, which was used as standard liquid in calibration.

For a better comparison, measured and reference data of the three
alcohols are reported for both relative permittivity and conductivity in
Fig. 4.4 and Fig. 4.5. Specifically, the plotted reference data from the study
by Gregory et al. [145] were obtained for the measurement temperature by
interpolating the model parameters, which are available only for discrete
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temperature (every 5◦C), as discussed in Section 3.1.2.
In all plots in Fig. 4.4, the measured average dielectric data is plotted with

a blue dotted line, the fitted average dielectric data with a black solid line
(together with the standard deviation covering 95% of the confidence interval
that is illustrated with black dotted lines), the model at the measurement
temperature from the study by Gregory et al. [145] with a red dash-dotted
line, and the models from the study by Jordan et al. [147] at 20◦C and
30◦C with green dashed and dash-dotted lines, respectively. In particular,
one-pole Debye model and one-pole Cole-Davidson model were fitted to the
average measured data from methanol and ethanediol, respectively, in order
to compute the percent different between measured data and reference data
by Gregory et al. [145] for the calculation of the uncertainty in accuracy.
For both methanol and ethanediol, while the model by Gregory et al. [145]
overlaps with the measured data at lower frequencies, the difference between
the measured dielectric data and the reference data by Jordan et al. [147] is
higher for relative permittivity and conductivity values above 8 GHz and
5 GHz, respectively. The discrepancy at higher frequencies may be due to
the operating limitations of the Keysight dielectric probes, which are not
recommended for materials with a loss tangent lower than 0.5 with relative
permittivity higher than 5 [113]. In fact, the loss tangent of both methanol
and ethanediol tends to 0.5 at such higher frequencies.

Lastly, in Fig. 4.5, the relative permittivity and conductivity values from
both measured and reference data of 1-butanol are reported. Specifically, in
both plots of Fig. 4.5, the measured average dielectric data is plotted with a
blue dashed line, together with the standard deviation covering 95% of the
confidence interval (illustrated with blue dotted lines), the fitted average
dielectric data with a black solid line, and the model at the measurement
temperature from the study by Gregory et al. [145] with a red dash-dotted
line. The fitted data was obtained by fitting the two-pole Debye model to
the measured average data for a better comparison with the two-pole Debye
model by Gregory et al. [145]. From both plots of Fig. 4.5, the measured
data is in agreement with the reference data up to 5 GHz. However, the
measured data is not reliable for frequencies above 5 GHz, where the loss
tangent of 1-butanol is below the minimum recommended value of 0.05
reported in the probe datasheet [113].

In summary, the uncertainty calculation for 0.1 M NaCl, methanol,
ethanediol and 1-butanol provides an understanding of the overall perfor-
mance of the measurement system, and defines the permittivity range within
which accurate dielectric measurements can be conducted.

Furthermore, the extended uncertainty calculated for saline supports the
calculation of the sensing radius based on the definition provided in Section
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(a) (b)

(c) (d)

Figure 4.4: Relative permittivity and conductivity plots of the average measured and
reference data from the literature for methanol (a-b) and ethanediol (c-d). In all plots,
the average measured data is reported with a blue dotted line, the fitted data with a
black solid line, together with the standard deviation (covering 95% of the confidence
interval) indicated with black dotted lines, the data at the measurement temperature
by Gregory et al. [145] with a red dash-dotted line, and the data at 20◦C and 25◦C
by Jordan et al. [147] with green dashed and dash-dotted lines, respectively. The plots
show that the measured data is in agreement with the data by Gregory et al. [145] and
gradually diverges from the data by Jordan et al. [147] for frequencies above 5 GHz.

104



CHAPTER 4. SENSING RADIUS OF COAXIAL PROBES

(a) (b)

Figure 4.5: (a) Relative permittivity and (b) conductivity plots of the average measured
and reference data from the literature for 1-butanol. In both plots, the average measured
data at 23.8◦C is reported with a blue dashed line, together with the standard deviation
(covering 95% of the confidence interval) indicated with blue dotted lines, the fitted data
with a black solid line (only up to 5 GHz), and the data at 23.8◦C by Gregory et al. [145]
with a red dash-dotted line. Both plots show that the measured data is in agreement with
the reference data up to 5 GHz. However, measured data is not reliable for frequencies
above 5 GHz, where the loss tangent of 1-butanol is below the minimum recommended
value of 0.05 reported in the Keysight probe datasheet [113].

4.1.3. Further information regarding the calculation of the sensing radius is
reported in the following subsections.

4.2.1.2 Experimental design

The maximum sensing radius for each of the Keysight slim form, perfor-
mance and high temperature probes was calculated by performing dielectric
experiments on concentric samples consisting of Teflon and 0.1 M NaCl
solution. Keysight probes were selected for the experimental study since, in
recent dielectric studies [15], [48], [49], [54], [114], the dielectric properties
of biological tissues were mostly measured with the Keysight probes, as
reported in Section 2.3.3. In addition, the three Keysight probes are suitable
for an initial analysis of the dependence of the sensing radius on the physical
dimensions of the probe, since these probes present different dimensions
of inner conductor, insulator, and outer conductor. The probe dimensions,
which are illustrated in Fig. 4.6, are reported in Table 4.6 for each of the
Keysight probes. Since the datasheet reports only information regarding
the size of the outer conductor, the other probe dimensions were measured
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Figure 4.6: Dimensions of the coaxial probe: a is the radius of the inner conductor, c is
the insulator width, b (obtained by summing a and c) is the inner radius of the outer
conductor, and r is the total radius of the probe.

Table 4.6: Dimensions of the three Keysight probes: a, b, c and r refer to the probe
dimensions illustrated in Fig. 4.6.

Keysight probe a (mm) c (mm) b (mm) r (mm)
Slim form 0.25 0.50 0.75 1.10

Performance 0.30 0.50 0.80 4.75
High Temperature 0.35 1.00 1.35 9.50

with a calliper through reverse engineering.
Furthermore, Teflon and 0.1 M NaCl were selected as materials for the

measurement samples, since they allow for the calculation of the maximum
sensing radius, as demonstrated in Section 4.1.3. In fact, Teflon and saline
represent the scenario with the highest contrast in complex permittivity
that can be found across biological tissues. Thus, the sensing radius for
measurements of biological tissues is expected to be equal to or smaller than
the maximum sensing radius.

The measurement samples used to calculate the maximum sensing radius
were manufactured by drilling circular apertures of different radii into a
Teflon block and immersing the drilled block into the 0.1 M NaCl solution.
Both the thickness of the Teflon block and the size of the Teflon apertures
were chosen based on the results of preliminary experiments analysing the
sensing radius and depth of each Keysight probe. For instance, a Teflon
block with a thickness of 10 mm was selected, since dielectric measurements
performed with each of the three Keysight probes on a Teflon block of
10 mm thickness were found to be equivalent to dielectric measurements
performed on a Teflon block of 50 mm thickness. Thus, these preliminary
experiments suggested that the 10 mm thick Teflon block is larger than the
sensing depth of each Keysight probe. Furthermore, the radius of the Teflon
aperture was chosen by ensuring that the sensing radius of each probe was
within the smallest and the largest aperture. In particular, the aperture radii
were selected based on the precision of the drilling machine, and the results
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of preliminary experiments demonstrating that, for each Keysight probe,
dielectric measurements of saline performed in a Teflon aperture of 5 mm
radius were equivalent to dielectric measurements of saline performed in a
beaker with a radius of 25 mm. Specifically, the Teflon apertures have radii
of: 0.5 mm, 1 mm, 1.25 mm, 1.75 mm, 2.5 mm, 3 mm, 4 mm, and 5 mm,
respectively. Dielectric measurements were performed with each of the three
probes across all Teflon apertures immersed in the 0.1 M NaCl solution. A
depiction of a given measurement is shown in Fig. 4.7a, while a diagram
schematising the measurement scenarios is provided in Fig. 4.7b. Specifically,
in Fig. 4.7a, the Keysight performance probe is in contact with the Teflon
block immersed into the 0.1 M NaCl solution. On the Teflon block, the sizes
of the apertures are labelled and, for apertures smaller than the total radius
r of the probe, the size of the probe is marked in black around the apertures
in order to facilitate probe positioning. In Fig. 4.7b, the measurements of
each aperture, with aperture radius ranging from 0.5 mm to 5 mm, are
schematised. The red circle outlines the probe position, and the solid and
dotted circles concentric to the probe denote the smallest and largest radius
of the saline solution, respectively, within Teflon, which is represented by
the yellow square.

4.2.1.3 Dielectric measurement protocol and sensing radius
calculation

Before each set of measurements, the system (i.e., the Keysight probe con-
nected to the Agilent E8362B network analyser with an L-shaped connector)
was calibrated using the three-load standard procedure and the quality of
the calibration was verified by measuring the dielectric properties of 0.1 M
NaCl. Before and after each calibration, the temperature of the calibra-
tion and validation liquids were recorded. Recordings of 0.1 M NaCl were
compared to the known model properties, confirming that the measurement
uncertainty was consistently below the uncertainty for saline reported in
Table 4.4. Thus, calibration and validation procedures were conducted by
following the steps specified in Sections 3.1.1 and 3.1.2. For each set of
measurements, the following settings were used:
• 21 frequency points on a linear scale over the frequency range of 2-

6 GHz (the choice of the number points does not impact the calculation
of the sensing radius, since the sensing radius is generally calculated
at single frequencies and then averaged across frequency);
• A power level of -5 dBm and an intermediate frequency bandwidth

(IFBW) of 30 Hz (to reduce the trace noise of the VNA).
For each measurement, relative permittivity and conductivity values were
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(a) (b)

Figure 4.7: (a) Photograph and (b) diagram of the measurement scenario for the calcu-
lation of the maximum sensing radius. In the photograph (a), the Keysight performance
probe is in contact with the Teflon block immersed in the 0.1 M NaCl solution. On the
Teflon block, the sizes of the apertures are labelled and, for apertures smaller than the
total radius r of the probe, the size of the probe is marked in black around the apertures
in order to facilitate probe positioning. In the diagram (b), the measurements of each
aperture, with radius ranging from 0.5 mm to 5 mm, are schematised. The red circle
outlines the probe position, and the solid and dotted circles concentric to the probe
denote the smallest and largest radius of the saline solution, respectively, within Teflon,
which is represented by the yellow square.

acquired by bringing the sample to the probe tip using a lift table. A stable
contact between the probe and the sample was ensured by visual inspection.
The temperature of the immersion solution (0.1 M NaCl) surrounding the
Teflon block was also recorded. For apertures smaller than the size of the
probe, the measurement was more difficult to perform due to difficulty in
visualising the presence of air bubbles at the probe tip, and the position of
the probe with respect of the Teflon walls. Therefore, in order to ensure
that the probe location was concentric to the Teflon aperture (i.e., that the
Teflon aperture was centred with respect to the probe), the probe size was
marked around the smaller apertures, as illustrated in Fig. 4.7. Furthermore,
for each probe, measurements were repeated three times after each of three
calibrations.

For each probe and each calibration, the maximum sensing radius was
obtained by comparing single frequency measurements acquired across all
apertures, since it is known that the sensing radius depends on the fre-
quency [65]. Then, for each measurement frequency, the maximum sensing
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radius was estimated as the radius of the Teflon aperture at which the
measured relative permittivity and conductivity were equal to the relative
permittivity and conductivity of saline, respectively, within the extended
uncertainty of saline in the range of 0.5-10 GHz. Specifically, the extended
uncertainty obtained with a coverage factor of 3, which provides a confidence
level of approximately 99%, was selected for the calculation of the sensing
radius. The choice of such extended uncertainty, which is 2.4% for relative
permittivity and 4.6% for conductivity (as reported in Table 4.4), is due to
the fact that dielectric measurements from Teflon apertures filled with saline
are less repeatable than dielectric measurements of saline from a beaker. The
higher uncertainty in repeatability in such scenarios can be attributed to the
presence of small air bubbles on the Teflon walls that cannot be visualised
during the measurement, and the variation of the immersion depth of the
probe. In fact, in the cases with apertures smaller than the size of the probe,
the probe is placed on top of the Teflon aperture. Conversely, in the cases
with apertures larger than the size of the probe, the probe is placed within
the Teflon aperture.

The maximum sensing radius values obtained experimentally with the
procedure described above were then validated with numerical simulations
reproducing the experimental scenarios. Before presenting the numerical
methodology, an example demonstrating how the maximum sensing radius
was calculated from the experiments is provided.

In Fig. 4.8, the relative permittivity and conductivity traces obtained
from one measurement set conducted with the performance probe are re-
ported over 2-6 GHz. In Fig. 4.8, each trace corresponds to a given radius of
the Teflon aperture filled with saline (i.e., a specific concentric sample with
saline as inner material and Teflon as outer material), as specified in the
legend. It should be noted that the plot does not include the apertures of
radii 1.25 mm, 3 mm and 4 mm. In particular, the measurement from the
aperture having 1.25 mm radius was not considered due to the persistent
presence of air bubbles on the interface between Teflon and saline. On
the other hand, the measurements from the apertures of radii 3 mm and
4 mm are not illustrated in Fig. 4.8 to improve the decipherability of the
plot, since the traces from the apertures of radii 3 mm and 4 mm would
overlap with the traces from the apertures of radii 1.75 mm, 2.5 mm, and
5 mm. From both relative permittivity and conductivity plots, it is clear
that as the aperture radius increases, the traces tend to that of saline. For
example, when the radius of the aperture is 0.5 mm, the acquired relative
permittivity and conductivity are, on average, 40% and 45% different from
relative permittivity and conductivity of saline, respectively. Conversely,
when the radius of the aperture is 5 mm, the acquired dielectric properties
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(a) (b)

Figure 4.8: (a) Relative permittivity and (b) conductivity traces obtained from mea-
surements involving the Keysight performance probe and the sample consisting of Teflon
apertures filled with saline. In the legend, the radius of the Teflon apertures, ranging
from 0.5 mm to 5 mm, is specified. As the radius of the Teflon aperture increases, the
relative permittivity tends toward that of the saline solution.

are equivalent to those of saline in isolation.
In this example, the maximum sensing radius was calculated by com-

paring the dielectric properties acquired from different apertures to the
dielectric properties of saline from the 5 mm aperture. Thus, the relative
permittivity obtained from the 5 mm aperture was used as reference data
for each measurement set (as shown in Fig. 4.8). In particular, for each
probe, the percent difference in dielectric properties between data from each
aperture with variable radius and the reference data was calculated across
the frequency range. Fig. 4.9 illustrates the calculation of the maximum
sensing radius of the performance probe at three single frequencies, 2 GHz,
4 GHz and 6 GHz. The 2 GHz trace is indicated with a blue solid line,
the 4 GHz trace with a red dash-dotted line, and the 6 GHz trace with
a green dashed line. In Fig. 4.9, it is clear that both the percent differ-
ences in relative permittivity and conductivity decrease as the aperture
radius increases. Based on the definition, the sensing radius corresponds
to the radius of saline at which the measured relative permittivity and
conductivity of the sample differ by 2.4% (i.e., the extended uncertainty
for relative permittivity of saline) and 4.6% (i.e., the extended uncertainty
for conductivity of saline), respectively, from the relative permittivity and
conductivity of the reference data. As is clear from the plots in Fig. 4.9, the
percent differences in relative permittivity are comparable with the percent
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(a) (b)

Figure 4.9: Plot of the percent difference in (a) relative permittivity and (b) conductivity
between the measurements from each aperture (plotted in Fig. 4.8) and the reference data,
for the frequencies of 2 GHz, 4 GHz and 6 GHz. The reference data is the measurement
at the 5 mm aperture, which is representative of saline in isolation. In both plots, the
2 GHz data is indicated with a blue solid line, the 4 GHz data with a red dash-dotted
line, and the 6 GHz data with a green dashed line. The 2.4% and 4.6% threshold values
are indicated with horizontal grey lines in (a) and (b), respectively, for the calculation of
the maximum sensing radius. In fact, the maximum sensing radius is calculated as the
radius at which the outer material (Teflon) ceases to contribute to the acquired dielectric
properties, within the measurement uncertainty of 2.4% for relative permittivity and 4.6%
for conductivity. In both plots, the maximum sensing radius values of approximately
1.7 mm are marked with a vertical grey line, where the (a) relative permittivity and (b)
conductivity percent difference lines intercept the horizontal threshold trace.

differences in conductivity, resulting in a maximum sensing radius estimated
at 1.7 mm for both relative permittivity and conductivity. However, for
materials or tissues that present different values of relative permittivity and
conductivity, the sensing radius estimated from relative permittivity can
differ from the sensing radius estimated from conductivity. In these cases,
the highest value between the two estimates of sensing radius should be
considered, to ensure that the sensing radius includes all the materials that
can impact the measured dielectric properties.

Furthermore, in Fig. 4.9, the maximum sensing radius values calculated
at the three frequencies are approximately equivalent (within 5% from
each other). The maximum sensing radius obtained for each of the three
frequencies (2 GHz, 4 GHz and 6 GHz) was also compared with the maximum
sensing radius obtained by averaging all the sensing radius values across the
frequency range. From this comparison, it was verified that the maximum
sensing radius averaged across frequency is within 5% from the maximum
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sensing radius calculated for the central simulation frequency (4 GHz).
The methodology described above was also adopted for the calculation

of the maximum sensing radius and sensing radius from data obtained with
numerical simulations, which are detailed in the following subsection.

4.2.2 Numerical methodology

This subsection reports the numerical geometry, and the simulation design
and settings used to reproduce, validate and then extend the experimental
study. The numerical simulations extend the analysis of the sensing radius
based on the probe dimensions and allow for the analysis of the dependence
of the sensing radius on the dielectric properties of biological tissues.

Specifically, the analysis of the sensing radius based on the tissue dielectric
properties was only conducted numerically, due to the impossibility of finding
a controlled range of concentric biological tissues in nature to enable thorough
calculation of the sensing radius.

4.2.2.1 Geometrical model

Simulations were performed using COMSOL Multiphysics (version 5.3),
which uses the finite element method (FEM) to solve electromagnetic wave
problems. According to the concentric geometry of the probe and the inter-
rogated sample, a 2D axially-symmetric environment was used to conduct
the numerical simulations presented in this chapter.

For each simulation set, firstly, the probe model was developed by
creating the probe geometry and assigning the dielectric properties of the
probe insulator and conductors. Secondly, concentric sample geometries
were created and the dielectric properties were assigned to each geometry
simulating a material or a biological tissue.

The models of the three Keysight probes were developed with the fea-
tures reported in Table 4.6. For all probes, nickel (εr=1, σ=1.43e7 S/m)
was assigned as the material for the inner and outer conductors, and Teflon
(εr=2.1, σ=1e-23 S/m) was assigned as the material for the insulator. Since
information regarding the materials of the probes is not reported in the
Keysight probe datasheet [113], different combinations of materials were
tested in preliminary numerical simulations. Nickel and Teflon were selected
since these materials ensure the best match between simulated and mea-
sured dielectric properties. To match the experiments, the dielectrically
interrogated samples were modelled with concentric cylinders consisting of
an inner cylinder with varying radius and a surrounding cylinder with size
considerably larger than the total radius r of the probe.
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Table 4.7: Summary of the three simulation sets.

Simulation set 1 3 scenarios: 3 probes x 1 sample (made of saline and Teflon)
Simulation set 2 48 scenarios: 12 probes x 4 samples

Simulation set 3 1 probe (Keysight slim form probe) x 38 samples

Once the geometry of the sample was created, the dielectric properties
were assigned to each cylinder. Dielectric properties were obtained by either
fitting the experimental data or from the IT’IS database [190], depending
on the simulation scenario. Detailed information regarding the design of
each simulation set are provided next.

4.2.2.2 Numerical design

Different sets of numerical simulations were designed for the investigation
of the sensing radius. A first set of simulations reproducing the dielectric
measurement scenarios with the three Keysight probes and the Teflon and
saline samples was conducted to validate the experimental outcome. A
second set of simulations involving 12 probe geometries and a subset of 4
dielectric samples was conducted to model the dependence of the sensing
radius on the probe dimensions, i.e., the inner conductor radius, insulator
width and outer conductor inner radius, across a subset of materials and bi-
ological tissues. A third set of simulations reproducing the interaction of the
Keysight slim form probe with a number of biological tissues was conducted
to examine the dependence of the sensing radius on the dielectric properties
of the investigated sample. The three simulation sets are summarised in
Table 4.7.

In the first simulation set, the three Keysight probes were modelled as
described in the subsection above and, as with the experiments, cylindrical
samples with different radii of saline solution concentrically surrounded by
Teflon were created. However, more samples with intermediate values of
radius were included in the simulations, thanks to the ease in developing
numerical models. Thus, the saline solution was modelled with variable
radius ranging from 0.5 to 5 mm in 0.25 mm discrete steps, surrounded
by Teflon having radius much larger than that of saline and considerably
larger than the total radius r of the probe. Furthermore, the dielectric
properties of saline and Teflon were assigned to the simulation samples.
Specifically, one-pole Cole-Cole models were fitted to the dielectric data
measured experimentally from the 0.1 M NaCl solution (at room temperature
between 20◦C and 24◦C) and Teflon using the non-linear least squares error
algorithm. One-pole Cole-Cole models were chosen, since the models were
able to fit the data with an error lower than 0.8%. The parameters of the
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Table 4.8: One-pole Cole-Cole parameters for simulated saline and Teflon.

Parameters Saline Teflon
ε∞ 5.1700 1.4600
εs 78.1000 2.4600
τ [s] 8.78e-12 1e-12
α 0.0071 0.0010

σs [S/m] 0.9600 0.0030

one-pole Cole-Cole model for saline and Teflon are summarised in Table 4.8,
where ε∞, εs, τ , α and σs were defined in Section 2.1.3.

In the second simulation set, in order to expand the investigation of
the sensing radius beyond the fixed dimensions of the Keysight probes, a
number of other probes with different geometries were modelled with the
same conductor and insulator materials, i.e., nickel and Teflon. Specifically,
the dimensions of the inner conductor and insulator were varied, by either
maintaining or increasing the dimension of the inner radius of the outer
conductor. Since preliminary simulations demonstrated that the width of
the outer conductor does not impact the sensing radius, an outer conductor
having a fixed width of 1 mm was used for all probe geometries.

For the probe geometry, the minimum probe size was defined by the
slim form probe, and the maximum probe size was selected by considering
the coaxial line cut-off frequency, which is inversely proportional to the
dimensions of the inner conductor and insulator. In total, 12 probes were
modelled with different dimensions and assigned to four subsets of probe
dimension combinations, as listed in Table 4.9. Each subset, consisting of
four probes having different size, was designed as follows:
• For the first subset (S1), the insulator width c was kept fixed, and the

radius of the inner conductor a was gradually increased by 0.25 mm;
thus also the inner radius of the outer conductor b gradually increased
by 0.25 mm;
• For the second subset (S2), a was kept fixed, and c was gradually

increased by 0.5 mm; thus also b gradually increased by 0.5 mm;
• For the third subset (S3), b was kept fixed, and a was gradually

increased by 0.25 mm while c was gradually decreased by 0.25 mm;
• For the fourth subset (S4), a was gradually increased by 0.25 mm

while c was gradually increased by 0.5 mm; thus b gradually increased
by 0.75 mm.

The subsets S1, S2 and S4 have the slim form probe CP1 as the initial
probe size, for ease of analysis. Similarly, the probes CP4 and CP9 are
included also in S3 and S4, respectively. Among the probes listed in Table
4.9, the performance probe is not included due to its dimensions a, b and c
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Table 4.9: List of probe dimension combinations (CP1,..,CP12) grouped in four subsets
(S1,..,S4). a, b and c refer to probe features in Fig. 4.6. Each probe has an outer conductor
of 1 mm width.

Subset Coaxial probes a (mm) c (mm) b (mm)
S1 CP1 0.25 0.50 0.75

CP2 0.50 0.50 1.00
CP3 0.75 0.50 1.25
CP4 1.00 0.50 1.50

S2 CP1 0.25 0.50 0.75
CP5 0.25 1.00 1.25
CP6 0.25 1.50 1.75
CP7 0.25 2.00 2.25

S3 CP8 0.25 1.25 1.50
CP9 0.50 1.00 1.50
CP10 0.75 0.75 1.50
CP4 1.00 0.50 1.50

S4 CP1 0.25 0.50 0.75
CP9 0.50 1.00 1.50
CP11 0.75 1.50 2.25
CP12 1.00 2.00 3.00

that are very close to the slim form probe CP1 (the slim form probe and
the performance probe have different total radius r because of the width
of the outer conductor that does not affect the sensing radius). The high
temperature probe is not included either, since its dimensions are very close
to the probe CP5.

For each probe geometry, simulations across different concentric samples
were conducted in order to verify that the correlation between the sensing
radius and the probe geometry was consistent across materials having
different dielectric properties. Concentric samples modelled as in the first
simulation set were simulated with the four material combinations detailed
in Table 4.10. The sample having saline as inner material and Teflon as outer
material was selected, since it enables calculation of the maximum sensing
radius. The locations of the two materials were then swapped to model
another sample. The dielectric properties assigned to Teflon and saline are
as reported in Table 4.8. Furthermore, two samples consisting of breast
gland and fat tissues were modelled to enlarge the dielectric spectrum of the
investigated sample and to support breast tissue dielectric characterisation,
which is crucial for the design of breast MW imaging systems (generally
operating within 2-6 GHz). The dielectric properties of breast tissue assigned
to the modelled samples are taken from the IT’IS database [190]. Thus, the
second simulation set consists of a total of 48 scenarios involving 12 different
coaxial probes and 4 different dielectric samples (12 probes x 4 samples).

In the third simulation set, in order to complete the sensing radius
investigation, the interaction between the Keysight slim form probe and
concentric biological tissues, with different dielectric properties and contrasts,
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Table 4.10: Modelled concentric materials with their contrast in relative permittivity.
The average relative permittivity values of the materials across the range 2–6 GHz are
specified in brackets.

Samples Inner material Outer material Contrast in εr
Saline In-Teflon Out Saline (εr=74.00) Teflon (εr=2.15) 34:1
Teflon In-Saline Out Teflon (εr=2.15) Saline (εr=74.00) 1:34
Gland In–Fat Out Gland (εr=53.50) Fat (εr=4.80) 10:1
Fat In–Gland Out Fat (εr=4.80) Gland (εr=53.50) 1:10

was examined to analyse the sensing radius dependence on the dielectric
properties of the interrogated biological tissues. The probe was modelled
with the dimensions of the Keysight slim form probe, since, among the three
Keysight probes, the slim form probe is the most commonly used in tissue
dielectric studies (especially in studies involving breast tissue dielectric
characterisation) [15], [48], [49], [54], [63], [66], as discussed in Section
2.3.3. Furthermore, the dielectrically interrogated samples were modelled
as concentrically heterogeneous biological tissues consisting of a cylindrical
inner tissue with variable radius ranging from 0.1 to 3 mm, surrounded by
a concentric outer tissue that extends to a radius considerably larger than
the total radius r of the probe. The discrete radii of the inner tissue were
selected given that the sensing radius falls within the range of 0.1-3 mm. In
fact, for the Keysight slim form probe, the sensing radius cannot be smaller
than 0.1 mm (i.e, smaller than the inner conductor radius) and cannot be
larger than the maximum sensing radius of the Keysight slim form probe
estimated from the first simulation set. Specifically, the value of 3 mm
chosen for the maximum radius of the inner tissue allows a margin of error
above the maximum sensing radius estimated from the second simulation
set.

Once the geometrical model was designed, a number of simulations were
conducted by assigning specific values of dielectric properties to the samples.
The assigned dielectric properties were selected in order to span different
magnitudes and contrasts in permittivity. Specifically, 15 different tissues
were combined into 38 distinct simulated samples. The relative permittivity
and conductivity of each of the 15 tissues were obtained from the IT’IS
database [190]. In Fig. 4.10, the relative permittivity and conductivity are
plotted for all of the selected tissues. As is clear from Fig. 4.10, the 15
tissues span a wide range of relative permittivity and conductivity values.
In fact, the average tissue relative permittivity and conductivity range from
10.4 to 77.2 and from 0.5 to 5.4 S/m, respectively, across the frequency
range of 2-6 GHz. The trends in relative permittivity and conductivity are
the same for most of the tissues, with the exclusion of lung, muscle, blood
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and lymph node. In fact, while the relative permittivity of lung is higher
than that of bone, the conductivity of lung is lower than that of bone. A
similar difference between relative permittivity and conductivity values was
found for the muscle and thalamus, and similarly for the esophagus and
blood. Furthermore, although the lymph node tissue is the one with the
highest relative permittivity, the conductivity of lymph node is relatively
lower (between that of fat and bone).

Since the sensing radius may depend on the contrast in permittivity
between the two concentric tissues, the 38 concentrically heterogeneous
samples were composed of tissues spanning a wide range of contrasts in
relative permittivity and conductivity. Due to the fact that the selected
tissues cover a wider range of contrasts in relative permittivity than in
conductivity, in Section 4.3.2 the sensing radius is examined only in terms
of the dependence on the relative permittivity of tissues, or their contrast
in relative permittivity (although the sensing radius was calculated by
considering both relative permittivity and conductivity values as illustrated
in Fig. 4.9).

Specifically, in this chapter, the contrast in relative permittivity is defined
as the percent difference in relative permittivity between the two tissues
constituting a given sample. Thus, the contrast in relative permittivity
between the two tissues was calculated as:

∆εr% =
εr,max − εr,min

εr,max
× 100, (4.2)

where εr,max is the relative permittivity of the constituent tissue with the
highest relative permittivity and εr,min is the relative permittivity of the other
constituent tissue (thus, having lower relative permittivity). The quantities
εr,max and εr,min can refer to relative permittivity values at single frequencies
or to mean relative permittivity values averaged across the measurement
frequency range of 2-6 GHz. The contrast in relative permittivity averaged
across frequency varies between 7.4%, for the sample composed of muscle and
pancreas (with average relative permittivities of 50.8 and 54.9, respectively),
up to 86.5%, for the sample composed of fat and lymph node. (with average
relative permittivities of 10.4 and 77.2, respectively).

Although the selected combinations of tissues are not practically sig-
nificant, they cover the full spectrum of dielectric properties of biological
tissues. Tissue sample compositions involving both healthy tissues and
the corresponding malignant tissues would be more appropriate for this
investigation. However, to date, data on the dielectric differences between
healthy and malignant tissues are known only for limited tissue types, such
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(a)

(b)

Figure 4.10: (a) Relative permittivity and (b) conductivity of the 15 biological tissues
selected for the 38 simulated samples constituting the third simulation set samples.
The 15 tissues were selected in order to span a wide range of relative permittivity and
conductivity values. The relative permittivity and conductivity of each of the 15 tissues
were obtained from the IT’IS database [190].
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as breast, liver, kidney and lung, and across restricted frequency ranges [48],
[61].

Once the design of the numerical investigation was completed, simulations
were conducted with the settings specified below. Then, the relative per-
mittivity and conductivity data obtained from each set of simulations were
processed and analysed to calculate the sensing radius across all simulation
scenarios.

4.2.2.3 Numerical settings and data processing

Before executing the simulations by the multifrontal massively parallel sparse
direct solver (MUMPS), for each numerical model (composed of a probe
and two different concentric materials), the procedure as described below
was followed:
• The coaxial EM source generating a signal of 1 V across the measure-

ment frequency (21 linearly spaced frequency points in the range of
2-6 GHz) was positioned on the top of the probe;
• The absorbing conditions were assigned to the model boundaries;
• The tetrahedral mesh was created.
For all simulations, the minimum and maximum mesh elements sizes were

0.01 mm and 0.05 mm, respectively. Such mesh settings ensured that the
largest mesh element was at least twice smaller than the smallest geometry
of the model, and at least 100 elements were included within the wavelength
of the EM signal. In fact the smallest geometry of the model is 0.1 mm and
the free-space wavelength of the EM signal ranges from 149.9 mm (for the
lowest frequency of 2 GHz) down to 49.96 mm (for the highest frequency
of 6 GHz). The entire geometry includes, on average, approximately 50000
domain elements and 20000 boundary elements.

After the FEM simulations were solved, the EM field across the sample
materials in the proximity of the probe tip was analysed in terms of the
magnitude decay, and the complex S11 parameters from the probe-sample
interface were analysed. In particular, the S11 parameters obtained from
the top of the probe were translated to the probe aperture interfacing the
interrogated sample by taking into account the following mathematical
relationship [92]:

S11 = S∗11e
+jβ2L, (4.3)

where S11 and S∗11 refer to the values at the probe aperture and the top of
the probe, respectively, β is the propagation constant across the probe and L
is the length of the probe (i.e., the distance between the top of the probe and
the probe aperture). Specifically, Eq. (4.3) is equivalent to Eq. (2.22), which
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derives from the mathematical formulation defining the EM propagation
within perfectly matched transmission lines. Thus, Eq. (4.3) is used for probe
de-embedding, i.e., to cancel out the effect of the propagation along the
probe on the acquired S11 parameters. Due to the fact that the propagation
along the probe affects both incident and reflected signals, from which the
S11 parameter are obtained (as detailed in Section 2.3.1), Eq. (4.3) considers
twice the length L of the probe as the propagation distance.

Furthermore, the de-embedded S11 parameters from the first simulation
set (reproducing the dielectric measurements) were compared with the S11

parameters obtained from the measurements. A systematic S11 mismatch
between simulations and measurements was found, likely attributable to
differences in probe materials. However, the systematic mismatch error
was compensated for by converting the S11 parameters into permittivity
values, using the open-ended coaxial probe antenna model [101], presented
in Section 2.3.2. As detailed in Section 2.3.2, the antenna model conversion
algorithm uses known permittivity and corresponding S11 parameters of
three media to calculate the three parameters necessary to estimate the
probe admittance. Specifically, across all simulation scenarios, different
sets of three known media were considered for the estimation of the probe
admittance according to the permittivity of the simulated sample. Generally,
the three media were selected to cover the permittivity range comprising
the permittivity of the simulated sample, due to the fact that media with
similar properties to those of the investigated sample are likely to improve
the conversion of the S11 parameters into permittivity [101].

Across all simulations, both relative permittivity and conductivity values
obtained from the converted S11 parameters were considered for the calcu-
lation of the sensing radius as illustrated in Fig. 4.9. The same definition
of sensing radius reported in Section 4.2.1 for the experimental scenarios
was considered for the numerical scenarios. Specifically, the sensing radius
was estimated numerically as the radius of the inner material at which the
acquired relative permittivity and conductivity were equal to the relative
permittivity and conductivity, respectively, of the inner material in isolation,
within the extended measurement uncertainty, which is 2.4% for relative
permittivity and 4.6% for conductivity. Thus, the numerical estimates of
sensing radius are based on the measurement uncertainty. Furthermore, as
with the measurement scenarios, the sensing radius values obtained across all
simulation scenarios were compared for each frequency point. Also, for each
simulation scenario, the sensing radius was averaged across the frequency
range.

After calculating the average sensing radius from each scenario, the
numerical data was grouped into specific subsets and modelled to facilitate
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Table 4.11: Schematic information regarding the three categories of samples included
within the third simulation set (indicated in Table 4.7).

C1
Samples having the same outer tissue, but dif-
ferent inner tissues

C2
Samples having the same inner tissue, but dif-
ferent outer tissues

C3
Samples consisting of the same two tissues, but
with swapped locations

the analysis of the dependence on the sensing radius on the probe dimensions
and the simulated samples. In particular, in order to model the sensing
radius dependence on the probe dimensions, the average sensing radius values
from the second simulation set were interpolated with first or second degree
polynomial curves (fitting the average sensing radius data). Specifically,
sensing radius values from each probe combination subset and for each
sample (comprising the second simulation set) were represented with first
or second degree functions. The parameters of the functions fitting the
numerical sensing radius data are reported in Section 4.3.1 according to
Eq. (4.4) and Eq. (4.5):

f(x) = p3x
2 + p2x+ p1, (4.4)

f(x) = p2x+ p1, (4.5)

where x is one of the probe dimensions, f(x) is the sensing radius, p1 is
the intercept, p2 is the first degree coefficient and p3 is the second degree
coefficient.

Similarly to the data from the second simulation set, the average sensing
radius values from the third simulation set were divided in three different
categories. The three categories are based on the tissue composition of the
simulated samples and, as specified in Table 4.11, involve:
• samples having the same outer tissue, but different inner tissues;
• samples having the same inner tissue, but different outer tissues;
• samples consisting of the same two tissues, but with swapped locations.
The average sensing radius data from each category (within the third

simulation set) is reported in Section 4.3.2 with the first or second degree
polynomials (interpolating the data) defined by Eq. (4.4) and Eq. (4.5),
where x now represents either the relative permittivity of the inner (or
outer tissue) or the contrast in relative permittivity between inner and outer
tissues, f(x) is the sensing radius, p1 is the intercept, p2 is the first degree
coefficient and p3 is the second degree coefficient.
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Lastly, the average sensing radius data was used to develop linear re-
gression and neural network models able to predict the sensing radius of a
coaxial probe based on the probe dimensions and the dielectric properties
of the interrogated sample. The methodology for these prediction models
are reported in the following subsection.

4.2.3 Mathematical prediction of sensing radius

Machine learning techniques enable data prediction from a priori information
after creating a generalisation of the input-output relationship derived from
a set of training data.

From the average sensing radius obtained numerically, two regression
models and two feedforward neural networks were developed. In particular,
firstly, a linear regression model and a neural network were developed from
the second set of simulations composed of 48 scenarios (12 probes x 4 sample
combinations). Secondly, a linear regression model and a neural network
were developed from the third set of simulations composed of 38 scenarios
(1 probe x 38 sample combinations).

For the first set of linear and neural network models, each observation is
from the second set of simulations and consists of four input features and
one output target. The four inputs of the models are: the radius of the inner
conductor, a, the inner radius of the outer conductor, b, and the average
relative permittivity across frequency of the two materials constituting the
concentric sample, εr1 and εr2. The insulator width c was not used as
an input parameter since it is not an independent parameter; in fact, c
is the mathematical difference between b and a. The output target for
each observation is the sensing radius calculated from the second set of
simulations.

For the second set of linear and neural network models, each observation
is from the third set of simulations and consists of two input features and one
output target. The two inputs of the linear regression and neural network
are the average relative permittivity across frequency of the two materials
constituting the concentric sample, εr1 and εr2. The output target for each
observation is the sensing radius calculated from the third set of simulations.

All models were trained with 90% of the data, and then tested with the
remaining 10%.

Specifically, for the first regression model, the training dataset was used
to obtain a regression line that relates the sensing radius to the probe
dimensions and relative permittivity values of the two concentric tissues, as
follows:
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f(x) = p1 + p2a+ p3b+ p4εr1 + p5εr2, (4.6)

where f(x) is the sensing radius, a and b are the dimensions of the probe
as illustrated in Fig. 4.6, εr1 and εr2 are the average relative permittivities
of the inner and outer tissues, respectively, p1 is the intercept, and p2, p3,
p4 and p5 are the coefficients obtained from the data fitting. The resulting
regression model was then tested with the remaining data.

For the second regression model, the training dataset was used to obtain
a regression line that relates the sensing radius of the Keysight slim form
probe to the relative permittivity values of the two concentric tissues, as
follows:

f(x) = p1 + p2εr1 + p3εr2, (4.7)

where f(x) is the sensing radius, εr1 and εr2 are the average relative permit-
tivities of the inner and outer tissues, respectively, p1 is the intercept, and
p2 and p3 are the coefficients obtained from the data fitting.

Furthermore, the design of the neural networks was selected after prelim-
inary testing runs aimed at minimising the error between network outputs
and training data. As a result, the two neural networks were constructed
with 2 hidden layers, consisting of a different number of neurons. In particu-
lar, the first neural network was designed with a first layer of 5 neurons and
a second layer of 2 neurons. The second neural network was designed with a
first layer of 3 neurons and a second layer of 2 neurons. Both networks were
trained and tested (with the same datasets used for the linear regression)
across ten iterations using the Levenberg–Marquardt algorithm [191], [192].
Each iteration produced one trained network. Across each iteration, the
Levenberg-Marquardt algorithm updates the weights and bias associated to
each neuron so that the vector of network errors (obtained by comparing
the network output with the training data) is minimised. Then, among the
10 resulting nets (obtained from each iteration), the network providing the
lowest mean squared error (MSE) in the testing stage was selected as the
final trained network.

The performance of all models was then evaluated by comparing the
predicted sensing radius values with the output targets from the testing
datasets.

Details regarding the performance of the two sets of linear regression
and neural network models are reported in Section 4.3.3.
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4.3 Results and Discussion of the sensing

radius investigation

This section examines the sensing radius values estimated from the dielectric
measurements and the simulation scenarios described in Section 4.2 and
reports the results in three subsections as follows. In the first subsection,
the dependence of the sensing radius on the probe dimensions is examined
and modelled based on the experimental and numerical data. In the second
subsection, the dependence of the sensing radius of the Keysight slim form
probe on the dielectric properties of the investigated sample is examined
and modelled from numerical data. Lastly, in the third subsection, the per-
formance of the linear regression models and the neural networks developed
from the numerical data are detailed.

4.3.1 Dependence of sensing radius on probe
dimensions

In this subsection, the sensing radius values from the dielectric measurements
and the first and second simulation sets are reported to analyse the depen-
dence of the sensing radius on the probe dimensions. In particular, each
reported sensing radius value refers to the average sensing radius (calculated
as an average across the frequency range of 2-6 GHz). The average sensing
radius was found to be approximately equivalent to the sensing radius cal-
culated for the central simulation frequency (4 GHz). In addition, it was
determined that variations of the sensing radius with frequency were due
primarily to differences in the dielectric contrast between the two concentric
tissues across the frequency range. For instance, if the dielectric contrast
between the tissues increases with the frequency, so does the sensing radius.

Firstly, both experimental and numerical results from the first simulation
set aimed at calculating the maximum sensing radius of the Keysight probes
are reported for an initial analysis of the sensing radius based on the probe
size and to verify consistency between measurements and simulations.

Then, the data obtained from the second simulation set is reported
to analyse the dependence of the sensing radius on the probe dimensions.
Specifically, the sensing radius dependence on the inner conductor radius,
insulator width, and inner radius of the outer conductor is examined and
modelled.
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4.3.1.1 Maximum sensing radius of the Keysight probes

In Fig. 4.11, both experimental and numerical data for the three Keysight
probes is illustrated for the calculation of the maximum sensing radius.
In the measurement plot (Fig. 4.11a), the percent difference between the
relative permittivity acquired from each Teflon aperture and the relative
permittivity of saline in isolation (i.e., from the 5 mm aperture) is plotted
as a function of the radius of the Teflon aperture. In the same way, in
the simulation plot (Fig. 4.11b), the percent difference between the relative
permittivity acquired from each of the different sized concentric samples
(consisting of saline as inner material and Teflon as outer material) and the
relative permittivity of the saline solution is plotted as a function of the
radius of the Teflon aperture, i.e. the radius of saline. Both measurement
and simulation plots refer to acquired data averaged across frequency. Also,
in both plots, the value of the extended uncertainty for relative permittivity
(2.4%) is highlighted to graphically facilitate the estimation of the sensing
radius. In particular, for each trace, the sensing radius corresponds to the
radius at which the percent difference is approximately 2.4%. The sensing
radius is reported only from relative permittivity values, since similar values
were found for conductivity.

From the measurement plot in Fig. 4.11a, it can be observed that the
sensing radius estimated for the slim form, performance, and high tempera-
ture probes is approximately 1.25 mm, 1.7 mm and 2.5 mm, respectively.
From the simulation results in Fig. 4.11b, the sensing radius was found to
be 1.4 mm, 1.5 mm and 2.25 mm for slim form probe, performance probe,
and high temperature probe, respectively. The slight differences in values
between the measurement and simulation are attributed to the absence of
measurement confounders in the simulations, such as air bubbles across the
Teflon aperture and temperature variation, and to the increased number
of Teflon apertures which were numerically modelled. Therefore, a higher
resolution in the transition of dielectric properties relative to changes in radii
is achieved in simulation. Since the difference between the measured and
simulated sensing radius data is always within 0.25 mm, it can be concluded
that the simulations are able to reproduce accurately the measurements.

These initial results showed that the sensing radius increases with the size
of the probe. In fact, as reported in Table 4.6, the inner radius of the outer
conductor of the slim form probe, performance probe and high temperature
probe is 0.75 mm, 0.8 mm, and 1.35 mm, respectively. The dependence of
the sensing radius on the probe size is better examined through numerical
results in the following subsections. In particular, the average sensing radius
data obtained from the second simulation set are plotted, in turn, for each
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(a) (b)

Figure 4.11: Determination of the maximum sensing radius for the three Keysight
probes through (a) measurements and (b) simulations. In both plots, the percent relative
permittivity difference is calculated by considering the relative permittivity of 0.1 M NaCl
averaged across frequency as the reference signal. The percent difference was calculated
between each Teflon aperture (saline as inner material surrounded by Teflon), and the
reference signal. In both plots, the 2.4% threshold value used for the calculation of the
sensing radius is indicated with a horizontal line, and the black trace refers to the slim
form probe, the red trace to the performance probe, and the blue trace to the high
temperature probe. In (b), the sensing radius values are marked where the relative
permittivity difference lines intercept the horizontal threshold trace.

Table 4.12: Parameters, R2 value and RMSE of the regression lines in Fig. 4.12.

Samples p2 p1 R2 RMSE
Saline In-Teflon Out 2.08 0.95 0.987 0.0949
Teflon In-Saline Out 1.70 0.68 0.996 0.0433
Gland In–Fat Out 1.96 0.85 0.994 0.0592
Fat In–Gland Out 1.54 0.60 0.999 0.0194

subset of probe dimension combinations (reported in Table 4.9).

4.3.1.2 Dependence of sensing radius on inner conductor radius

In order to examine the trend of the sensing radius for the subset S1, in
Fig. 4.12, the average sensing radii calculated for the four probes (CP1, CP2,
CP3 and CP4) are plotted versus the inner conductor radius.

From the plot in Fig. 4.12, it is clear that the sensing radius increases
approximately linearly with the inner conductor radius. The linear trend is
highlighted by fitting regression lines to the data points. The coefficients,
R2 values and RMSE of the regression lines are reported in Table 4.12, for
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Figure 4.12: Regression lines (solid for saline and Teflon samples and dash-dotted for
breast fat and gland samples) fitting the sensing radius data (stars) obtained for different
radii of inner conductor. The data refers to the scenarios S1, where only a and then b are
increased. The lines, with parameters reported in Table 4.12, show the same trend across
all samples. Specifically, the sensing radius is found to increase with increasing inner
conductor radius; however, the rate of increase is dependent on the sample composition.

each of the four simulated samples. The R2 and RMSE values listed in the
table confirm the quality of the fitting.

Although the trend is approximately linear across all simulated samples,
the sensing radius values vary according to the materials constituting the
samples. In fact, from Fig. 4.12, it can be observed that the smallest values
of sensing radius are obtained for the sample having breast fat as inner tissue
and breast gland as outer tissue. On the other hand, the largest values of
sensing radius are obtained for the sample having saline as inner material
and Teflon as outer material, thus motivating the selection of Teflon and
0.1 M NaCl solution as materials for the estimation of the maximum sensing
radius (since these materials have the highest contrast in permittivity that
can be found across biological tissues, as discussed in Section 4.1.3).

In particular, for any given probe geometry, it can be observed that the
sensing radius trend across samples increases with the contrast in permittivity
between the two concentric materials constituting the sample. In fact, the
sensing radius values for the two samples with higher contrast in relative
permittivity, the Teflon and saline samples, are higher than for the breast
samples that have lower contrast in relative permittivity (contrasts are as
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reported in Table 4.10).
Furthermore, between two samples consisting of the same materials but

with swapped locations, the sensing radius is higher for the sample having
an inner material with higher relative permittivity than the outer material.
For instance, between the two Teflon and saline samples, the sensing radius
is higher for the sample with saline as inner material than it is for the sample
with Teflon as inner material. Lower values of sensing radius for samples
having an inner material with lower relative permittivity can be due to the
impedance mismatch between the probe and the inner material, which tends
to be higher for lower permittivity materials. The high impedance mismatch
between the probe and the lower permittivity materials, Teflon and fat, is
illustrated in Fig. 4.13 in terms of S11 parameters. In fact, for Teflon and
fat, the S11 magnitude and phase tend to the S11 magnitude and phase of
the open-circuit, which are 1 and 0, respectively. As reported in Section
2.3.1, in the case of an open-circuit, the impedance mismatch is the highest
(i.e., tends to infinite) and the incident signal is all reflected back. Thus,
the high impedance mismatch between the probe and Teflon and the probe
and fat, indicated by the S11 parameters plotted in Fig. 4.13, results in a
large reflection of the incident EM signal at the probe-Teflon and probe-fat
interfaces with only limited transmission into the material beyond Teflon
(or fat). Thus, the sensing radius trend across samples is consistent with
EM propagation theory.

The same trend of the sensing radius varying with the sample compo-
sition is observed across all other scenarios of different probe dimension
combinations. For instance, the same trend of the sensing radius varying
with the sample composition is found across the scenarios S4 in Fig. 4.14,
where the average sensing radii calculated across the scenarios S4 are plotted
versus the inner conductor radius. The four probes of the subset S4 have
increasing inner conductor radii and insulator widths. As in Fig. 4.12, the
data in Fig. 4.14 illustrates the approximately linear relationship between
the sensing radius and the inner conductor radius across all samples. Thus,
the data was interpolated with regression lines, the parameters of which are
listed in Table 4.13 for each simulated sample. As indicated from the R2 and
RMSE values, in this case, the quality of the fitting is a bit lower than in
the previous cases; however, the data are still well-represented by the fitted
lines. For the subset S4, since the insulator width increases while the inner
conductor radius increases, a trend similar to that of the dependence of the
sensing radius on the inner conductor radius was found for the dependence
of the sensing radius on the insulator width. However, the dependence of
the sensing radius on the insulator width is examined better in the following
subsection.
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(a) (b)

(c) (d)

Figure 4.13: (a) Relative permittivity, (b) conductivity, (c) S11 magnitude and (d) S11

phase of the materials constituting the four samples within the second simulation set:
Teflon, fat, gland and saline. The relative permittivity (a) and conductivity (b) traces
were obtained from the conversion of the S11 magnitude (c) and S11 phase (d) obtained
from the simulations reproducing the interaction of the probe CP1 with each of the four
materials, in isolation. As illustrated in (c) and (d), the S11 magnitude of Teflon and fat
is close to 1, and the S11 phase of Teflon and fat is close to 0. Such values reflect the
high impedance mismatch between the probe and Teflon, and the probe and fat.

Table 4.13: Parameters, R2 value and RMSE of the regression lines in Fig. 4.14.

Samples p2 p1 R2 RMSE
Saline In-Teflon Out 3.62 0.65 0.971 0.2470
Teflon In-Saline Out 3.24 0.40 0.980 0.1830
Gland In–Fat Out 3.48 0.60 0.987 0.1550
Fat In–Gland Out 3.36 0.18 0.999 0.0474
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Figure 4.14: Sensing radius vs. inner conductor radius for the scenario S4, where both
a and c are increased with b. The regression lines fitting the sensing radius data, with
parameters reported in Table 4.13, show the same trend for different samples. Solid and
dash-dotted lines are the fitted lines for saline and Teflon samples and for breast fat and
gland samples, respectively, while the data is indicated with stars.

Table 4.14: Parameters, R2 value and RMSE of the regression lines in Fig. 4.15.

Samples p2 p1 R2 RMSE
Saline In-Teflon Out 1.04 0.95 0.987 0.0949
Teflon In-Saline Out 1.11 0.55 0.999 0.0296
Gland In–Fat Out 0.97 0.93 0.987 0.0887
Fat In–Gland Out 0.94 0.55 0.997 0.0387

4.3.1.3 Dependence of sensing radius on insulator width

In Fig. 4.15, the average sensing radii calculated across the scenarios S2 are
plotted versus the insulator width. The four probes of the subset S2 have
increasing insulator widths but the same inner conductor radius. The data
in Fig. 4.15 illustrates the approximately linear relationship between the
sensing radius and the insulator width across all samples. Thus, the data
was interpolated with regression lines, the parameters of which are listed in
Table 4.14 for each simulated sample.

From the simulations performed with the probes in S1, S2 and S4, it
can be observed that the sensing radius increases linearly by increasing the
inner radius of the outer conductor b. In fact, an increase of b results in an
increase of the radial extent of the sample interrogated by the electric field,
and, thus, in an increase of the sensing radius.
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Figure 4.15: Regression lines (solid for saline and Teflon samples and dash-dotted for
breast fat and gland samples) fitting the sensing radius data (stars) obtained for different
insulator widths. The data refers to the scenario S2, where c and thus b are increased.
The lines, with parameters reported in Table 4.14, show the same trend across all samples.

Furthermore, the sensing radius value obtained for the probe CP1, which
has dimensions similar to those of the 2.2 mm diameter probe used in
the study by Hagl et al. [65], is comparable with the sensing radius value
estimated by Hagl et al. [65]. Specifically, a maximum sensing radius of
1.4 mm was obtained for the CP1 probe (illustrated by the leftmost blue
star in Fig. 4.12, Fig. 4.14 and Fig. 4.15), which total radius is 1.1 mm (i.e.,
which total diameter is 2.2 mm). Similarly, in the study by Hagl et al. [65],
a sensing radius of 1.25 mm was obtained for the 2.2 mm diameter probe.
Also, the maximum sensing radius values obtained from the simulation
subsets S1, S2 and S4 satisfy the relationship between sensing radius and
probe aperture, defined by the inner radius of the outer conductor, reported
in the study by De Langhe et al. [183]. For instance, by considering the
differences in dimensions between the probe CP1 and the probe used in the
study by De Langhe et al. [183], the maximum value of sensing radius for
the CP1 (i.e., 1.4 mm) is within the maximum sensing radius estimated by
De Langhe et al. [183] (i.e., 1.55 mm).

In order to conclude the analysis of the sensing radius based on the probe
dimensions, the sensing radius values obtained across the probes having
fixed inner radius of the outer conductor and varying inner conductor radius
and insulator width are examined in the following subsection.
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Figure 4.16: Sensing radius vs. inner conductor radius for the scenario S3, where b is
kept constant while a increases and c decreases. The data is interpolated with second
degree polynomials, with parameters reported in Table 4.15. Solid and dash-dotted lines
are the fitted polynomials for saline and Teflon samples and for breast fat and gland
samples, respectively, while the data is indicated with stars.

4.3.1.4 Dependence of sensing radius on inner radius of outer
conductor

In Fig. 4.16, the average sensing radii estimated from subset S3, across probes
having fixed inner radius of the outer conductor, are plotted versus the inner
conductor radius. In this case, the trends were not found to be linear. Thus,
the data was interpolated with second degree polynomials, with coefficients
and RMSE values summarised in Table 4.15. The fitting curves illustrate
that the sensing radius is greatly dependent on the radius of the inner
conductor. For the subset S3, the relationship between the sensing radius
and the inner conductor radius is directly proportional. Conversely, the
relationship between the sensing radius and the insulator width is inversely
proportional, as expected. These different trends are due to the fact that the
probes within subset S3 have increasing inner conductor radii and decreasing
insulator widths.

Furthermore, the curves of Fig. 4.16 follow different exponential trends
across samples. The sensing radius increases faster with the inner conductor
radius for samples with higher contrast in relative permittivity and/or
inner materials with higher dielectric properties than for samples with lower
contrast in relative permittivity and/or inner materials with lower dielectric
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Table 4.15: Parameters and RMSE of the second degree polynomial curves in Fig. 4.16.

Samples p3 p2 p1 RMSE
Saline In-Teflon Out -1.20 2.34 1.85 0.0224
Teflon In-Saline Out -0.20 0.71 1.84 0.0056
Gland In–Fat Out -1.00 2.19 1.66 0.0056
Fat In–Gland Out 0.20 0.29 1.66 0.0056

(a) (b)

Figure 4.17: Contour plot of the electric field magnitude (V/m) at 4 GHz of the
simulated probes (a) CP8 and (b) CP4 in contact with Teflon surrounded by saline. In
the simulations, a simplified 2D axis–symmetric model was used and, in both plots, radial
and axial distances are shown in mm horizontally and vertically, respectively. In both
plots, to the right of the symmetry axis (x = 0), is the half cross-section of the probe
tip and the interrogated sample (Teflon). The electric field isolines are marked, with
the last isoline referring to the location where the electric field decays 40 dB. The two
probes CP8 and CP4 both have the inner radius of the outer conductor equal to 1.5 mm,
but different inner conductor radii and insulator widths, which affect the electric field
magnitude such that it is higher in (b) than (a) at the radial distance of 1.5 mm. Also,
in (a), the last isoline includes a smaller geometrical region than the region delineated by
the last isoline in (b), thus suggesting that the inner conductor radius has higher impact
than the insulator width on the sensing radius.

properties. The greater impact of the inner conductor radius on the sensing
radius with respect to the insulator width is also illustrated in terms of
electric field distribution across the probe tip and the interrogated sample
in Fig. 4.17. This figure depicts a simplified 2D axially–symmetric geometry,
with the radial and axial distances shown in mm horizontally and vertically,
respectively. The electric field isolines at 4 GHz are marked across the half
cross–section of the end of the probe and the interrogated sample (Teflon
surrounded by saline in this case), with the last isoline referring to the
location where the electric field decay is 40 dB.
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Fig. 4.17a illustrates the simulated probe CP8, which has an inner
conductor radius of 0.25 mm and an insulator width of 1.25 mm, while
Fig. 4.17b illustrates the simulated probe CP4, which has an inner conductor
radius of 1 mm and an insulator width of 0.5 mm. In both cases, the sample is
composed of Teflon (with a radius of 5 mm), surrounded by saline. Although
the two probes CP4 and CP8 have both an outer conductor inner radius of
1.5 mm, the electric field magnitude across CP4 is significantly higher than
the magnitude across CP8. Also, in Fig. 4.17a, the last isoline circumscribes
a smaller geometrical region of the sample than the region delineated by the
last isoline in Fig. 4.17b, thus confirming that the inner conductor radius
has larger impact on the sensing radius than does the insulator width.

These results are in agreement with the findings of the study by Anderson
et al. [181], for which the sensing radius does not exceed the total radius
of the probe and the magnitude of the EM field is the highest in proximity
of the inner conductor of the probe. This last outcome is also confirmed
by Gauss’s theorem, which relates the radial component of the electric
field within the coaxial probe to the applied input voltage and the probe
dimensions, as reported in Eq. (2.8) (in Chapter 2). Specifically, from
Eq. (2.8), it can be concluded that, if b is fixed, the electric field at a fixed
point ρ increases with a. Since the size of the sensing radius is proportional
to the electric field magnitude across the probe, Gauss’s theorem confirms
that, at a certain location ρ, when b is fixed, the sensing radius increases
with the radius of the inner conductor a.

Furthermore, as in the study conducted by Hoshina et al. [187], by
observing the electric field across all simulated samples, it was found that
the magnitude of the electric field is negligible out of the hemispherical
region delineated by the -40 dB isoline (the outer isoline depicted in both
illustrations of Fig. 4.17). Outside of this region, the effect of the outer
material is within the measurement uncertainty.

Finally, the numerical study confirmed that the trends of the sensing
radius with the probe dimensions are consistent across samples having
different dielectric properties. However, for each probe geometry, a different
trend of the sensing radius was observed across samples, thus confirming
that the size of the sensing radius does depend on the permittivity of
the interrogated sample. The dependence of the sensing radius on the
permittivity of the sample is further examined in the following subsection.
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4.3.2 Dependence of sensing radius on tissue
dielectric properties

In this subsection, the sensing radius values from the third simulation set
are reported to analyse the dependence of the sensing radius on the relative
permittivity of the constituent tissues. As in the previous subsection, the
sensing radius values are reported in terms of average sensing radius (i.e.,
sensing radius values averaged across the range of 2-6 GHz).

Firstly, the average sensing radius data from each of the 38 concentric
samples is plotted as a function of the relative permittivity of the inner
and outer tissues constituting the specific samples. From a general analysis
of the data from all 38 scenarios, the sensing radius dependence on the
contrast in relative permittivity between the sample inner and outer tissues
is examined and modelled.

Then, the sensing radius dependence on the relative permittivity values
of the inner and outer tissues constituting the concentric samples is further
examined and modelled across the three sample categories specified in Table
4.11.

4.3.2.1 General dependence of sensing radius on tissue
permittivity magnitude

In order to examine the trend of the sensing radius with varying relative
permittivities of the constituent tissues, in Fig. 4.18, the average sensing
radii (i.e., sensing radii averaged across frequency) calculated from the 38
scenarios are plotted versus the average relative permittivity values (i.e.,
relative permittivity values averaged across frequency) of the corresponding
concentric samples. In the 3D plot, two different trends were detected and
organised in two clusters. The two clusters are related to the magnitude
of the average relative permittivity of the inner tissue compared to that of
the outer tissue. Specifically, in Fig. 4.18, the cluster representing samples
composed of an inner tissue with relative permittivity lower than that of the
outer tissue is indicated in blue, and the cluster representing the samples
composed of an inner tissue with relative permittivity higher than that of
the outer tissue is indicated in red. From the trend of the blue cluster,
the sensing radius generally increases with the relative permittivity of the
outer tissue; while, from the trend of the red cluster, the sensing radius also
generally increases with the relative permittivity of the inner tissue.

In order to understand the trend of the sensing radius according to the
contrast in relative permittivity between the two tissues constituting each
sample, the sensing radius from the two clusters is next plotted versus the
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Figure 4.18: 3D plot of the average sensing radii (i.e., sensing radii averaged across
frequency) from all simulation scenarios vs. the average relative permittivities (i.e., relative
permittivities averaged across frequency) of the inner and outer tissues constituting each
concentric sample. Two different clusters were identified: the cluster including samples
composed of an inner tissue with relative permittivity lower than that of the outer tissue
is indicated in blue, and the cluster of samples composed of an inner tissue with relative
permittivity higher than that of the outer tissue is indicated in red.

percent contrast in relative permittivity in Fig. 4.19. In order to highlight
the trends of the two clusters, the data from each cluster is interpolated
with a linear polynomial. Specifically, the polynomial interpolating the
data from the blue cluster (representing the samples composed of an inner
tissue with relative permittivity lower than that of the outer tissue) is
defined by Eq. (4.8) and the polynomial interpolating the data from the red
cluster (representing the samples composed of an inner tissue with relative
permittivity higher than that of the outer tissue) is defined by Eq. (4.9), as
follows:

fblue(x) = 0.006x+ 0.480, (4.8)

fred(x) = 0.010x+ 0.540, (4.9)

where f(x) is the average sensing radius and x is the average contrast in
relative permittivity between the two tissues constituting each sample. The
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RMSE calculated between the data and the fitted polynomials is 0.0764 for
the blue cluster and 0.0819 for the red cluster.

In Fig. 4.19, it can be observed that the two linear polynomials have
similar trends, although the corresponding sensing radius values are lower
for the samples with inner tissues having lower relative permittivity than for
the samples with inner tissues having higher relative permittivity. However,
for both clusters, the sensing radius increases as the contrast in relative
permittivity increases. This outcome is consistent with the trend of the
sensing radius across the four samples from the second simulation set. In
particular, in Section 4.3.1, it was observed that the sensing radius values are
lower for the samples with inner tissues having lower permittivity because of
the high impedance mismatch between the probe and the lower permittivity
tissues.

From Fig. 4.19, it is also clear that the average sensing radius varies
from 0.4 mm and 1.5 mm, depending on the tissues constituting the sample
and the tissue location within the sample. The minimum and maximum
sensing radii found correspond, respectively, to the samples composed of
concentric tissues having the minimum and maximum contrast in relative
permittivity. As specified in Section 4.2.2, the minimum contrast in relative
permittivity was found for the sample consisting of muscle and pancreas, and
the maximum contrast in permittivity was found for the sample consisting
of fat and lymph node. Thus, the average sensing radius of 0.4 mm (the
minimum sensing radius) is for the sample composed of muscle as inner
tissue and pancreas as outer tissue, and the corresponding data in Fig. 4.19
is represented by the leftmost blue marker (this marker is part of the blue
cluster, since the average relative permittivity of muscle is lower than that
of pancreas). Similarly, the average sensing radius of 1.5 mm (the maximum
sensing radius) is found for the sample composed of lymph node as inner
tissue and fat as outer tissue, and the corresponding data in Fig. 4.19 is
represented by the red marker on the extreme right (this marker is part
of the red cluster, since the average relative permittivity of lymph node is
higher than that of fat).

Furthermore, the markers farthest away from the fitted polynomials,
generally, correspond to the samples presenting higher contrast in conduc-
tivity than in relative permittivity. In fact, since the sensing radius was
calculated by considering both relative permittivity and conductivity values,
relatively higher values of sensing radius can be found for samples with lower
contrast in relative permittivity, if those samples present a higher contrast in
conductivity. For instance, in Fig. 4.19, the red marker corresponding to the
contrast in relative permittivity of 17.59% and sensing radius of 1 mm (i.e.,
the farthest away from the red polynomial) is from the sample consisting of
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Figure 4.19: Sensing radius vs. contrast in relative permittivity for the two clusters
identified in Fig. 4.18: the blue cluster consisting of the samples with an inner tissue
having lower relative permittivity, and the red cluster consisting of the samples with an
inner tissue having higher relative permittivity. The plot also shows the linear polynomials
interpolating the two data subsets (with solid lines). Specifically, the blue line is defined
by Eq. (4.8), with an RMSE of 0.0764 between data and polynomial, and the red line is
defined by Eq. (4.9), with an RMSE of 0.0918.

lymph node as inner tissue and cerebrospinal fluid as outer tissue, which is
characterised by a low contrast in relative permittivity and a high contrast
in conductivity (as can be observed from the plots in Fig. 4.10). For this
reason, the sensing radius for the sample consisting of lymph node as inner
tissue and cerebrospinal fluid as outer tissue is higher than the sensing
radius values obtained for other samples with tissues presenting a contrast in
relative permittivity similar to that of lymph node and cerebrospinal fluid.

Finally, it should be noted that all sensing radius values obtained from
the 38 scenarios are within the maximum sensing radius estimated from
the second simulation set except for the sensing radius from the sample
consisting of lymph node as inner tissue and fat as outer tissue (that is
1.5 mm). The sensing radius estimated for the sample consisting of lymph
node and fat is 0.1 mm higher than the maximum sensing radius reported in
Section 4.3.1 for the Keysight slim form probe (simulated as CP1), although
the contrast in relative permittivity between lymph node and fat (that is
86.5%) is lower than the contrast in relative permittivity between saline
and Teflon (that is 97%). However, the two values of sensing radius differ
approximately 6% from each other and such difference can be due to errors
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in the conversion from S11 parameters into permittivity, which can be up to
10% [101].

The data from the 38 scenarios is further examined across the three
categories of samples specified in Table 4.11 (i.e., samples having the same
outer tissue, but different inner tissue; samples having the same inner tissue,
but different outer tissue; and samples consisting of the same two tissues,
but with swapped locations) in the subsection below.

4.3.2.2 Dependence of sensing radius on tissue permittivity
magnitude across three categories of samples

Firstly, the data from C1, the category consisting of samples having the
same outer tissue but different inner tissues, is presented in Fig. 4.20, where
the average sensing radius is plotted versus the average relative permittivity
of the inner tissue. Specifically, for all scenarios plotted in Fig. 4.20, muscle
is the outer tissue. In the plot of Fig. 4.20, two trends are detected and
the data is distinguished into two clusters as in Fig. 4.18 and Fig. 4.19.
The clusters refer to the average relative permittivity of the inner tissue
relative to the average relative permittivity of the outer tissue. Specifically,
in Fig. 4.20, the data corresponding to the scenarios with inner tissues
having relative permittivity lower than that of muscle is illustrated in blue,
and the data corresponding to inner tissues having relative permittivity
higher than that of muscle is illustrated in red. In Fig. 4.20, the trends of
the two clusters are delineated by two second degree polynomial curves that
interpolate the two data subsets. The polynomials interpolating the blue
and red data clusters are defined by Eq. (4.10) and Eq. (4.11), respectively,
as follows:

fblue(x) = −0.0003x2 + 0.005x+ 0.856, (4.10)

fred(x) = −0.0007x2 + 0.103x− 3.092, (4.11)

where f(x) is the average sensing radius and x is the average relative
permittivity of the outer tissue for the samples having muscle as inner tissue.
The RMSE calculated between the data and the fitted polynomials is 0.0248
for the blue cluster and 0.0339 for the red cluster. From the two polynomial
trends, it is clear that the sensing radius is lower when the average relative
permittivity of the inner tissue is closer to the average relative permittivity of
muscle, i.e., 50.8. Furthermore, it is found that the sensing radius increases
as the average relative permittivity of the inner tissue diverges from that of
muscle.
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Figure 4.20: Plot of the average sensing radius vs. average relative permittivity of
the inner tissue for scenarios consisting of samples having the same outer tissue, i.e.,
muscle, but different inner tissues (included within the category C1). The average relative
permittivity of muscle (50.8) is marked with a grey vertical line in the plot and separates
the data into two clusters: on the left, in blue, the cluster including samples composed of
an inner tissue with relative permittivity lower than that of muscle, and, on the right, in
red, the cluster of samples composed of an inner tissue with relative permittivity higher
than that of muscle. The data from the two clusters show different trends. To better
define the trends, the two data subsets are interpolated with second degree polynomials,
which are defined by Eq. (4.10) and Eq. (4.11) for the blue and red curves, respectively.
The RMSE calculated between the data and the fitted polynomials is 0.0248 for the blue
cluster and 0.0339 for the red cluster. From both trends, it is clear that the sensing
radius is lower when the average relative permittivity of the inner tissue is closer to that
of muscle.

Next, in Fig. 4.21, examples of results from the category C2 of samples
having the same inner tissue but different outer tissues are plotted. Specifi-
cally, the sensing radius versus the relative permittivity of the outer tissue
is shown, for data from two clusters. One cluster refers to samples having
fat as inner tissue with a range of other tissues as outer tissue (in blue) and
the other cluster refers to samples having lymph node as inner tissue with a
range of other outer tissues (in red). The two clusters have opposite trends,
since the corresponding inner tissues, fat and lymph node, have very different
relative permittivities which delimit the range of relative permittivity values
of the tissues selected for this study (as shown in Fig. 4.10). Specifically,
the average relative permittivity of fat is 10.4, and the average relative
permittivity of lymph node is 77.2. As such, the data from samples having
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Figure 4.21: Sensing radius vs. outer tissue relative permittivity for two clusters
corresponding to the category C2 of samples having the same inner tissue, but different
outer tissues. The data in blue refers to samples having fat as inner tissue with a range
of other tissues as outer tissue, and the data in red refers to samples having lymph node
as inner tissue with a range of other outer tissues. The two clusters have different trends,
since in one case, fat has an average relative permittivity lower than that of all the outer
tissues, and in the other case, lymph node has an average relative permittivity higher
than that of all the outer tissues. The blue and red data clusters are interpolated with
linear polynomials defined by Eq. (4.12) and Eq. (4.13), respectively. Furthermore, the
RMSE is 0.0105 and 0.0868 for the clusters from samples with fat as inner tissue and
lymph node as inner tissue, respectively.

fat as inner tissue are part of the cluster of samples with inner tissues having
lower relative permittivity, and, vice versa, the data from samples having
lymph node as inner tissue are part of the cluster of samples with inner
tissues having higher relative permittivity than the outer tissues. In fact,
in one case, fat has an average relative permittivity lower than that of all
the outer tissues, and in the other case, lymph node has an average relative
permittivity higher than that of all the outer tissues.

In Fig. 4.21, the two opposite trends are highlighted by the two linear
polynomials interpolating the red and blue data clusters. Specifically, the
polynomial interpolating the data from the blue cluster (representing the
samples having fat as inner tissue) is defined by Eq. (4.12) and the polynomial
interpolating the data from the red cluster (representing the samples having
lymph node as inner tissue) is defined by Eq. (4.13), as follows:
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fblue(x) = 0.002x+ 0.819, (4.12)

fred(x) = −0.011x+ 1.522, (4.13)

where f(x) is the average sensing radius and x is the average relative
permittivity of the outer tissue for the samples having fat and lymph node
as inner tissues. The RMSE calculated between the data and the fitted
polynomials is 0.0105 for the blue cluster and 0.0868 for the red cluster.

Although the two subsets show opposite trends in Fig. 4.21, they present
the same trends in the sensing radius versus relative permittivity contrast
plot in Fig. 4.22. In both cases, the sensing radius increases as the contrast
in relative permittivity increases. In addition, as in Fig. 4.19, the sensing
radius values are lower for the samples having fat as inner tissue (i.e., samples
with the lower relative permittivity inner tissue) than for the samples having
lymph node as inner tissue (i.e., samples with the higher relative permittivity
inner tissue). Also in this case, the two data clusters are interpolated with
polynomials defined by the equations below:

fblue(x) = 0.002x+ 0.770, (4.14)

fred(x) = 0.009x+ 0.639, (4.15)

where f(x) is the average sensing radius and x is the average contrast in
relative permittivity between inner and outer tissues (for the samples having
fat and lymph node as inner tissues). Specifically the data cluster from the
samples having fat as inner tissue is interpolated with the polynomial defined
by Eq. (4.14), with an RMSE of 0.0162, and the data cluster from the samples
having lymph node as inner tissue is interpolated with the polynomial defined
by Eq. (4.15), with an RMSE of 0.0942. The RMSE is higher for the red
polynomial (interpolating the data from the samples having lymph node
as inner tissue), than for the blue polynomial (interpolating the data from
the samples having fat as inner tissue), since the red cluster includes more
spread out data. In particular, the red cluster includes the sensing radius
(calculated by considering both relative permittivity and conductivity values)
from the sample with lymph node as inner tissue and cerebrospinal fluid as
outer tissue, which, as specified in the previous subsection, is characterised
by a higher contrast in conductivity than in relative permittivity.

Finally, in Fig. 4.23, the average sensing radius from three couplets of
datasets corresponding to the category C3 of samples composed of the same
tissues but with swapped location are plotted versus the average relative
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Figure 4.22: Sensing radius vs. relative permittivity contrast for the two clusters
illustrated in Fig. 4.21. For both clusters, the sensing radius increases with the contrast
in relative permittivity. The blue and red data clusters are interpolated with linear
polynomials defined by Eq. (4.14) and Eq. (4.15), respectively. Furthermore, the RMSE
is 0.0161 and 0.0942 for the clusters from samples with fat as inner tissue and lymph
node as inner tissue, respectively.

permittivity of the inner tissue. One couplet refers to the two samples
composed of fat and lymph node (in blue), another couplet refers to the
two samples composed of muscle and pancreas (in red), and the last refers
to the two samples composed of brain and lymph node (in green). The
three couplets of datasets show similar trends, although they have different
contrasts in relativity permittivity. Specifically, the sample composed of fat
and lymph node has the highest contrast in relative permittivity (86.57%),
the sample composed of muscle and pancreas has the lowest contrast in
relative permittivity (7.40%), and the sample composed of brain and lymph
node has a contrast in relative permittivity of 44.96%. From Fig. 4.23, it can
be observed that the higher the contrast between the two tissues, the higher
the difference in sensing radii between the two samples within a couplet.
Furthermore, in each couplet, the lowest sensing radius corresponds to the
case with the lower permittivity tissue occupying the inner region of the
concentric sample. Similarly, the highest sensing radius corresponds to the
case with the higher permittivity tissue occupying the inner region of the
concentric sample. The outcome of these case scenarios confirms the trend
of the sensing radius based on the inner tissue permittivity (reported in the
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Figure 4.23: Sensing radius vs. inner tissue relative permittivity for three couplets of
datasets corresponding to the category of samples C3, having same tissues but with the
locations swapped. The two tissues from each couplet have different percent contrasts
in relative permittivity, which are reported in the legend. The data in blue is from the
sample composed of fat and lymph node, the data in red is from the sample composed of
pancreas and muscle, and the data in green is from the sample composed of brain and
lymph node. In each couplet, the lowest sensing radius corresponds to the case of the
lower permittivity tissue occupying the inner region of the concentric sample.

paragraphs above), which can be attributed to the impedance mismatch be-
tween the probe and the inner tissue constituting the sample. Consequently,
from the three couplets of datasets, it can be concluded that the higher the
difference in impedance mismatch between the probe and the inner tissue
and the probe and the outer tissue (and thus the difference in permittivity
between inner and outer tissue), the higher the difference in sensing radius
across each data couplet.

In summary, across all data from all categories the third simulation set,
it was observed that the inner tissue greatly impacts the size of the sensing
radius. Based on the relative permittivity of the inner tissue compared to
that of the outer tissue, two different trends in sensing radius were detected.
In particular, the sensing radius values were found to be lower when the
relative permittivity of the inner tissue was lower than that of the outer
tissue. On the other hand, the sensing radius values were higher when
the relative permittivity of the inner tissue was higher than that of the
outer tissue. It was also found that the sensing radius trend varies with
the contrast in relative permittivity between the two concentric tissues. In
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general, the higher the contrast, the higher the sensing radius.
Furthermore, the quantitative results obtained from the third simulation

set are only valid for the Keysight slim form probe, since the sensing radius
also depends on the geometry and features of the probe used, as examined
in Section 4.3.1. However, the trend of the sensing radius, depending on the
relative permittivity magnitude of the interrogated tissues, can be extended
to any type of probe.

Lastly, the trend of the sensing radius on tissue conductivity was not
examined in this subsection. For a complete analysis of the sensing radius
based on the dielectric properties of the interrogated tissue sample, the
sensing radius dependence on tissue conductivity in combination with tissue
relative permittivity can be analysed in future studies. However, since the
trend in conductivity of the 15 tissues selected for the 38 samples is similar
to the trend in relative permittivity (as reported in Fig. 4.10) and the
sensing radius was estimated by considering both relative permittivity and
conductivity values (as illustrated in Fig. 4.9), for the 38 selected samples,
a trend similar to that of the sensing radius with relative permittivity is
expected for the sensing radius analysis based on conductivity.

Before summarising the main findings and highlighting the significance
of the experimental and numerical results, the performance of the linear
regression and the neural network models, developed from the numerical
results as tools to predict the sensing radius from information regarding the
probe dimensions and tissue dielectric properties, are detailed in the next
subsection.

4.3.3 Mathematical prediction of sensing radius

In this subsection, the performance of the two sets of linear regression models
and neural networks, presented in Section 4.2.3, are reported and discussed.
Firstly, the first set of linear regression and neural network models, developed
from the second set of simulations composed of 48 scenarios including 12
probes of different geometry with 4 samples of different dielectric properties,
is examined in terms of accuracy at predicting the sensing radius of probes
having different dimensions across a subset of biological tissues. Secondly,
the second set of linear regression and neural network models, developed
from the third set of simulations composed of 38 scenarios including the
Keysight slim form probe with 38 samples of different dielectric properties,
is examined in terms of accuracy at predicting the sensing radius of the
Keysight slim form probe across a number of biological tissues.
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4.3.3.1 Mathematical prediction of sensing radius from probe
dimensions

The ability to predict the sensing radius from knowledge of the probe
dimensions and dielectric properties of the interrogated sample was examined
through a linear regression model, defined by Eq. (4.6). From this modelling,
a fitting line with the following equation was obtained:

f(x) = −0.13 + 0.703a+ 0.907b+ 0.013εr1 + 0.005εr2, (4.16)

where f(x) is the sensing radius and a, b, εr1 and εr2 are the input features
defined in Section 4.2.3.

Next, the neural network approach was considered. Across the ten
iterations of training and testing the neural network, an average MSE of
0.0821 was calculated, ranging between 0.0128 and 0.2048. The network
with the lowest MSE was selected to be used as the optimised neural network
for the prediction of the sensing radius from probe dimensions and sample
dielectric properties.

By comparing the performance of the linear regression and neural net-
work models across the testing dataset, an average difference of 0.1 mm
was obtained between the targets and the estimates from the linear regres-
sion (with the lowest difference of 0.005 mm and the highest difference of
0.193 mm), and an average difference of 0.048 mm was obtained between the
targets and the estimates from the neural network (with the lowest difference
of 0.004 mm and the highest difference of 0.09 mm). In addition, across the
estimates from the testing stage, an average RMSE of 0.13 was obtained
for the linear regression and an average RMSE of 0.05 was obtained for the
network, suggesting a good match between the predicted sensing radius and
the target value for both models.

The performance of this set of linear regression and neural network
models (developed from the second simulation set data) are graphically
compared in Fig. 4.24, where the predicted sensing radius values from the
testing dataset are plotted versus the target values obtained numerically.
For a better interpretation of the data, in Fig. 4.24, an ideal line obtained
by considering a perfect match between estimates and targets (y = x) is
plotted.

Since the values predicted from the neural network are closer to the ideal
line than the values predicted from the linear regression model, Fig. 4.24
demonstrates that the trained neural network can predict the sensing radius
with a higher accuracy than the linear regression model. Specifically, while
an average accuracy (obtained from the average percent difference between
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Figure 4.24: Plot comparing the sensing radius data predicted by the first set of
linear regression and neural network (estimates) with the sensing radius data obtained
numerically from the second simulation set (targets). The testing data obtained from
the linear regression is indicated in blue and the testing data from the neural network is
indicated in red. The dashed black line, which is obtained by matching the estimates
with the targets, facilitates the data comparison and illustrates that the neural network
is more accurate than the linear regression at predicting the sensing radius.

estimates and targets) to within 10% is obtained for the linear regression
model, an average accuracy to within 5% is obtained for the neural network.
The performance of the two models was further tested by evaluating the
sensing radius predicted from the performance and high temperature probes
within the first simulation set. The performance and high temperature
probes are not included among the 12 simulated probes used for the 48
simulation scenarios, which were employed to develop and test the linear
regression and the neural network models. However, by comparing the
dimensions of the performance and high temperature probes summarised
in Table 4.6 with those of the simulated probes listed in Table 4.9, the
performance probe features are close to those of the probe CP1, and the
high temperature probe has features close to those of the probe CP5.

By providing the linear regression model with the probe dimensions
and material relative permittivities, an estimate of 1.73 mm and 2.29 mm
was found for the sensing radius of the performance and high temperature
probes, respectively. By providing the neural network with the same in-
puts, estimates of 1.54 mm and 2.37 mm were found, respectively. The
comparison of these predicted values with the values obtained numerically,
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which are 1.5 mm and 2.25 mm for the performance and high temperature
probes, respectively, suggest that, while both models may be practically
implemented, a neural network can potentially outperform linear regression.
Thus, these results demonstrate the potential for using neural networks, or
similar algorithms, to predict the sensing radius of a coaxial probe based
on knowledge of the probe dimensions and the dielectric properties of the
investigated sample, with an accuracy to within 10%.

In summary, the neural network is able to predict the sensing radius
from knowledge of the probe geometry and relative permittivity of the
interrogated sample, with an accuracy approximately 5% higher than that of
the linear regression model. With predictions always within 0.2 mm of the
target sensing radius values, the neural network provides estimates that are
appropriately accurate for use in experimental studies. Since the network
was trained with a discrete number of geometries and a small number of
interrogated materials, the neural network is likely only able to predict the
sensing radius with high accuracy for breast tissue or tissues with similar
dielectric properties, such as heart tissue. However, the neural network
performance can be extended to any type of biological tissue by training it
with an increased number of sample tissues for each probe geometry.

To this extent, a second set of linear regression and neural network
models, developed for the prediction of the sensing radius of the Keysight
slim form probe for a number of biological tissues, is reported and analysed
below.

4.3.3.2 Mathematical prediction of sensing radius from tissue
dielectric properties

A second linear regression model, defined by Eq. (4.7), was developed as
tool to predict the sensing radius of the Keysight slim from probe from
knowledge of the dielectric properties of the interrogated sample. From this
regression model, a fitting line with the following equation was obtained:

f(x) = 1.127 + 0.0023εr1 − 0.0093εr2, (4.17)

where f(x) is the sensing radius and εr1 and εr2 are the input features defined
in Section 4.2.3.

Subsequently, ten iterations of training and testing were run for the
second neural network, and an average MSE of 0.0310 was calculated,
ranging between the lowest value of 0.0046 and the highest value of 0.1320.
As with the neural network discussed above, the neural network with the
lowest MSE was selected to be used as the optimised neural network for the
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prediction of the sensing radius of the slim form probe from the dielectric
properties of the interrogated biological sample.

By comparing the performance of this second set of models across the
testing dataset, an average difference of 0.179 mm was obtained between
the targets and the estimates from the linear regression (with the lowest
difference of 0.026 mm and the highest difference of 0.415 mm), and an
average difference of 0.062 mm was obtained between the targets and the
estimates from the neural network (with the lowest difference of 0.03 mm
and the highest difference of 0.11 mm). In addition, across the estimates
from the testing stage, an average RMSE of 0.24 was obtained for the linear
regression and an average RMSE of 0.07 was obtained for the neural network,
suggesting a better match between the predicted sensing radius and the
target value with the neural network than with the linear regression model.

The performance of this second set of linear regression and neural net-
work models (developed from the third simulation set data) are graphically
compared in Fig. 4.25, in a plot similar to the one illustrated in Fig. 4.24.
As with the previous set of models, the values predicted from the neural
network are closer to the ideal line y = x (obtained by considering a perfect
match between estimates and targets) than the values predicted from the
linear regression model. Thus, Fig. 4.25 demonstrates that the trained
neural network can predict the sensing radius with a higher accuracy than
the linear regression model. Specifically, while an average accuracy to within
15% is obtained for the linear regression model, an average accuracy to
within 5% is obtained for the neural network.

The performance of the two models was further tested by evaluating
the sensing radius of the Keysight slim form probe for breast gland and fat
tissues and comparing the predicted values with the values obtained from
the two simulations (within the second simulation set) involving the probe
CP1 (i.e., the model for the slim form probe) and the two samples consisting
of breast gland and fat tissues.

By providing the linear regression model with the relative permittivities
of breast gland and fat tissues, an estimate of 1.21 mm and 0.64 mm was
found for the sample having breast gland as inner tissue and breast fat as
outer tissue and for the sample having breast fat as inner tissue and breast
gland as outer tissue, respectively. By providing the neural network with the
same inputs, estimates of 1.30 mm and 0.94 mm were found, respectively.
The values predicted from the neural network are comparable with the two
values obtained from the second simulation set, which are 1.35 mm and
1 mm, for the sample having breast gland as inner tissue and breast fat
as outer tissue and for the sample having breast fat as inner tissue and
breast gland as outer tissue, respectively. Conversely, the value of sensing
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Figure 4.25: Plot comparing the sensing radius data predicted, for the Keysight slim
form probe, by the second set of linear regression and neural network (estimates) with
the sensing radius data obtained numerically from the third simulation set (targets). The
testing data obtained from the linear regression is indicated in green and the testing data
from the neural network is indicated in yellow. The dashed black line, which indicates
the ideal match between the estimates and the targets, facilitates data comparison and
illustrates that the neural network is more accurate than the linear regression at predicting
the sensing radius.

radius obtained from the linear regression model for the same sample is
significantly different from the value obtained numerically.

From a general comparison of the predicted values with the values
obtained numerically, it can be concluded that the neural network generally
outperforms linear regression for the prediction of the sensing radius from
knowledge of the dielectric properties of the interrogated biological sample.
In fact, the neural network is able to predict the sensing radius of the slim
form probe from the relative permittivities of the interrogated sample, with
an average accuracy 10% higher than that of the linear regression model.
With predictions always within 0.11 mm of the target sensing radius values,
the neural network provides estimates that are appropriately accurate for
use in experimental studies involving the Keysight slim form probe.

Lastly, it should be noted that the two sets of linear regression and neural
network models discussed above were developed from sensing radius values
obtained numerically based on the definition of sensing radius empirically
related with the uncertainty of the measurement system, as provided in
Section 4.1.3 and illustrated in Section 4.2.1. Different definitions of sensing
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radius, or different measurement uncertainty values (associated with different
measurement systems), are likely to result in different estimates of sensing
radius. However, different definitions or estimates of sensing radius do not
affect the trend of the sensing radius across varying probe dimensions and
tissue constituents, which is detailed in Section 4.3.1 and Section 4.3.2, and
finally summarised in the following section.

4.4 Summary

The estimation of the sensing volume of an open-ended coaxial probe is
fundamental, not only to dielectrically characterise highly heterogeneous
biological samples (as previously discussed in Section 3.3.2), but also to
define the minimum size of the homogeneous tissue region that ensures
accurate tissue dielectric measurements, without the influence of the tissues
or materials surrounding the tissue of interest.

In the literature to date, the sensing radius has only been analysed
in select scenarios with limited number of probes and tissue-mimicking
materials. Therefore, in this chapter, the sensing radius has been examined
both numerically and experimentally with a range of probes of different
dimensions and a wide variety of materials including biological tissues. In
particular, for the estimation of the sensing radius, concentric samples were
used and modelled, in the same way as layered samples have been used
in the literature for the estimation of the sensing depth. The measured
and simulated samples were then analysed to model the dependence of
the sensing radius of a coaxial probe on the probe dimensions and on the
dielectric properties of the interrogated sample.

After providing the definition of sensing radius and maximum sensing
radius based on the measurement uncertainty in Section 4.1.3, an initial
analysis of the sensing radius dependence on the probe dimensions was
conducted by performing measurements and simulations with the three
Keysight probes, i.e., slim form, performance and high temperature probes,
which are the most commonly used probes in recent dielectric studies [15],
[48], [49], [54], [114]. From this initial analysis, maximum sensing radius
values of 1.4 mm, 1.5 mm, and 2.25 mm were estimated numerically for
the slim form probe, performance probe, and high temperature probe,
respectively, which are consistent with the maximum sensing radius values
obtained experimentally. Since the three Keysight probes have increasing
sizes (specifically, increasing outer conductor inner radii), this initial outcome
demonstrated that the sensing radius of a coaxial probe increases with
increasing the inner radius of the outer conductor.
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Subsequently, the sensing radius dependence on the probe dimensions
was further examined by conducting numerical simulations across a subset
of 4 samples with 12 probes having varying dimensions of, in turn, inner
conductor, insulator, and outer conductor. From the analysis of the sensing
radius obtained from each simulation, the following findings were observed:
• The sensing radius is not affected by the width of the outer conductor;
• The sensing radius increases approximately linearly with the inner

radius of the outer conductor (and thus with the radius of the inner
conductor and the width of the insulator);
• The sensing radius is primarily affected by the radius of the inner

conductor.
Furthermore, although the trend of the sensing radius as a function of

the probe dimensions was found to be consistent across samples having
different dielectric properties, for each probe geometry, different sensing
radius values were obtained depending on the dielectric properties of the
simulated sample.

Hence, the dependence of the sensing radius on the sample dielectric
properties was examined by conducting numerical simulations involving the
Keysight slim form probe and 38 biological samples with varying relative
permittivity values of the concentric constituent tissues. From the analysis
of the sensing radius values obtained across all the 38 samples, the following
two key observations were noted.
• The sensing radius increases with the contrast in relative permittivity

between the two concentric tissues.
• The relative permittivity of the inner tissue greatly impacts the ac-

quired signal and, as a consequence, it also affects the value of the
sensing radius. Specifically, the lower the impedance mismatch be-
tween the probe and the inner tissue (i.e., the higher the permittivity
of the inner issue), the higher the estimated sensing radius.

Lastly, the sensing radius values obtained numerically were used for
the development of two sets of regression line and neural network models.
Specifically, the first set of models requires as input features the radius of
the inner conductor, the inner radius of the outer conductor, and the relative
permittivity of two concentric materials to predict the sensing radius from
knowledge of the probe dimensions and sample dielectric properties. On
the other hand, the second set of models requires as input features only
the relative permittivity of two concentric materials in order to predict the
sensing radius of the Keysight slim form probe from knowledge of the sample
dielectric properties. For both sets of models, it was observed that the neural
network generally outperforms the regression line and is able to predict
the sensing radius with an average accuracy to within approximately 5%.
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Hence, with some additional investigation, such as the combined analysis
of the dependence on the sensing radius on both relative permittivity and
conductivity of the constituent tissues, extended to a larger number of probes
and biological tissues, the development of neural networks has the potential
to support the dielectric measurement of biological tissues in providing a
fast and easy method to estimate the sensing radius in future studies.

In summary, the findings reported in this chapter highlight the impor-
tance of taking into account not only the dimensions of the probe, but
also the dielectric properties of the constituent tissues of the investigated
sample when estimating the sensing radius. In particular, in the case of
highly heterogeneous tissue samples, or samples with completely unknown
composition, it is recommended to consider the maximum sensing radius
as the starting point for the tissue sample dielectric characterisation. In
the case of tissue samples with known constituents, a sensing radius smaller
than the maximum sensing radius may be considered, based on the results
of preliminary simulations or experiments.

The outcomes of this study are the foundation for a rigorous estimation
of the sensing radius, which supports accurate and consistent dielectric
measurement of biological tissues. However, even with a rigorous estimation
of the sensing radius, inaccuracies in the dielectric characterisation of highly
heterogeneous tissue samples can occur, due to the lack of knowledge of the
dielectric contribution of the tissues included within the sensing radius to
the acquired dielectric data. For this reason, the dielectric contribution of
the sample constituents to the acquired dielectric data is investigated in
Chapter 5.
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Chapter 5

Analysis of the dielectric
contribution of individual

materials within the sensing
radius

Related publications

The experimental and numerical studies presented in this chapter have
been published in two journal papers.
In particular, a general analysis of the dielectric contribution of individual
materials within the sensing radius has been published in the paper entitled
“Investigation of Histology Radius for Dielectric Characterisation of Hetero-
geneous Materials” in the journal of IEEE Transactions on Dielectrics and
Electrical Insulation (A. La Gioia, S. Salahuddin, M. A. Elahi, M. O’Halloran,
and E. Porter “Investigation of histology radius in dielectric measurements of
heterogeneous materials,” IEEE Transactions on Dielectrics and Electrical
Insulation, vol. 25, no. 3, pp. 1065–1080, 2018).
A detailed analysis of individual tissue dielectric contribution within porcine
samples has been published in the paper entitled “Quantification of the Sens-
ing Radius of a Coaxial Probe for Accurate Interpretation of Heterogeneous
Tissue Dielectric Data” in the journal of IEEE Journal of Electromagnetics,
RF, and Microwaves in Medicine and Biology (A. La Gioia, S. Salahuddin,
M. O’Halloran, and E. Porter, “Quantification of the Sensing Radius of a
Coaxial Probe for Accurate Interpretation of Heterogeneous Tissue Dielectric
Data,” IEEE Journal on Electromagnetics, RF, and MWs in Medicine and
Biology, vol. 2, no. 3, pp. 145–153, 2018).

The sensing radius analysis completed in Chapter 4 supports accurate
dielectric characterisation of heterogeneous biological tissues. However, for
an accurate dielectric characterisation of highly heterogeneous biological
tissues, knowledge of the sensing volume needs to be accompanied by knowl-
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edge of the dielectric contribution of each tissue constituting the sensing
volume, in order to appropriately correlate the acquired dielectric data to
the histology of the sample (as already mentioned in the previous chapters).
In past studies, the dielectric contribution of layered materials within the
sensing depth has been thoroughly examined. However, only a few studies
in the literature have investigated the dielectric contribution of radially
heterogeneous materials within the sensing radius, and the reported results
were only qualitative [193].

For this reason, in this chapter, after highlighting the motivation of the
study (in Section 5.1), the dielectric contribution of individual materials
is quantitatively analysed within tissue-mimicking and biological samples
that consist of two side-by-side or concentric materials (or tissues). In
particular, such analysis involves both dielectric measurements and numerical
simulations, the methodology of which is described in Section 5.2. Thus,
the experimental and numerical findings are discussed in Section 5.3 for
both sample configurations, i.e., samples consisting of side-by-side and
concentric materials. Furthermore, the numerical findings regarding a subset
of biological tissues are modelled in order to support prediction of the
dielectric contribution of an individual tissue from knowledge of the sample
tissue content, i.e., types of tissues and the distribution/volume of each.
Lastly, the main findings of this investigation are summarised in Section 5.4.

5.1 Dielectric contribution of individual

materials within a heterogeneous

sample

As discussed in Chapter 4, knowledge of the sensing volume enables accurate
dielectric measurement of homogeneous tissues within heterogeneous tissue
samples presenting simple heterogeneities. However, in the case of highly
heterogeneous tissue samples, within which it is not possible to find a
homogeneous tissue region with size larger than the sensing volume, it is
crucial to know the contribution of each tissue type within the sensing
volume to the acquired dielectric data. In fact, in this case, knowledge
of the sensing volume and the dielectric contribution of tissues within the
sensing volume supports associating the acquired dielectric data with the
tissue content of the sample, generally investigated by post-measurement
histology. The importance of knowing the dielectric contribution of tissues
within the sensing radius was highlighted in Section 3.3.2, with the support
of the illustrations in Fig. 3.4.
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However, in all dielectric studies to date that have correlate the dielec-
tric data with the histology of the sample, it has been assumed that the
contribution of each tissue to the measured dielectric data is proportional
to the volume occupied by each tissue within the sensing volume [10], [11],
[15], [49]. Thus, the data inconsistencies regarding heterogeneous biological
tissues (presented in Chapter 2) can be attributed not only to inconsistent
estimations of the sensing radius (as discussed in Chapter 4), but also to
the erroneous assumption that the measured dielectric data is proportional
to the volume occupied by the tissue. Specifically, Porter et al. found up to
50% discrepancy between acquired data and data calculated based on the
assumption that the contribution of each tissue to the measured dielectric
data is proportional to the volume occupied by that tissue [64].

In particular, in the studies conducted by Porter et al. [63], [64] the
dielectric contribution of individual materials to the acquired signal was
investigated with layered structures, in the context of determining the sensing
depth. Other recent studies by Meaney et al. [66], [135] also demonstrated
that, within layered structures, the closest tissue to the probe has the highest
impact on the acquired dielectric data. Furthermore, the dielectric impact
of individual materials within radially heterogeneous samples was analysed
only in the study by Ozalp [193]. Specifically Ozalp conducted dielectric
measurements with an open-ended coaxial probe across different radially
heterogeneous regions within tissue-mimicking samples consisting of two
materials placed side-by-side. This set of measurements demonstrated that
the acquired dielectric data varies considerably across regions close to the
interface between the two materials; however, quantitative results were not
provided.

Hence, due to the fact that previous studies focused on examining the
dielectric contribution of individual materials within the sensing depth, in
this chapter, the dielectric contribution of individual materials within the
sensing radius is quantified. Specifically, both dielectric measurements and
numerical simulations were conducted on tissue-mimicking and biological
tissue samples presenting two configurations of radial heterogeneities:
• Linear heterogeneity configuration, with side-by-side materials (or

tissues);
• Concentric heterogeneity configuration, with concentric materials (or

tissues).
Besides differences in structure, the investigated samples consist of mate-

rials having different dielectric properties, since recent studies demonstrated
that the dielectric contribution of a material to the acquired data depends
on both the spatial distribution (i.e., volume occupied) and the dielectric
properties of each material constituting the interrogated sample [63], [64],
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[135]. Thus, in this investigation, the dependence of the dielectric contri-
bution of an individual material on the spatial distribution and dielectric
properties of each material within the sensing radius is examined.

While the two types of heterogeneities above represent simplified scenar-
ios relative to the heterogeneities present in actual biological tissues, the
analysis of these types of heterogeneities provides the basis for more complex
structural variations. Therefore, an understanding of how materials in these
different spatial distributions influence dielectric measurements supports the
interpretation of the dielectric data from biological tissues presenting more
complex heterogeneities.

Further details regarding the experimental and numerical methodology
of the study are reported in the following section.

5.2 Methodology

This section details the methodology used to investigate the dielectric con-
tribution of individual materials within the sensing radius. Specifically,
methodologies for both experimental and numerical investigations are pre-
sented.

Initially, dielectric measurements performed on tissue mimicking materi-
als and biological tissues presenting side-by-side heterogeneities are reported
in Section 5.2.1, for different radial distances from the material/tissue inter-
face.

Secondly, in order to examine how the dielectric contribution of a ma-
terial varies with the sample structure, dielectric measurements performed
on tissue mimicking materials and biological tissues presenting concentric
heterogeneities are detailed in Section 5.2.1. In particular, in order to exam-
ine how the dielectric contribution of a material varies with the dielectric
properties of the materials constituting the sample, different materials and
tissues spanning a wide range of permittivities were used to manufacture the
samples in both configurations (i.e., samples with side-by-side and concentric
heterogeneities).

Furthermore, due to the high number of measurement confounders that
can affect dielectric experiments (as seen in Chapter 3), the experimental find-
ings were validated with numerical simulations reproducing the experimental
scenarios, which thus provided more quantitative information regarding the
contribution of each tissue constituting a radially heterogeneous sample.

Lastly, further numerical simulations were performed to model the dielec-
tric contribution of individual biological tissues across a subset of radially
heterogeneous samples. The design of the numerical simulations performed
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to validate the experimental outcome and to model the individual tissue
dielectric contribution is detailed in 5.2.2.

5.2.1 Experimental methodology

This subsection presents the experimental methodology used to examine
how the dielectric contribution of an individual tissue to the measured per-
mittivity of the bulk sample depends on the individual dielectric properties
and spatial distribution of the tissues constituting the sample.

Dielectric experiments were performed with the Keysight slim form probe
connected to the Agilent E8362B VNA in the MW range of 2-6 GHz. The
slim form probe was selected for this investigation since it is the most
commonly used probe in recent tissue dielectric studies [12], [15], [48],
[49], [54], [63], [66]. Thus, the use of the slim form probe allows for re-
interpreting the results obtained with such probes in recent studies involving
the dielectric characterisation of heterogeneous tissue samples [12], [15], [48],
[49]. Furthermore, the range of 2-6 GHz was selected because it includes
the operating frequency of many MW imaging systems and MW ablation
applicators, as mentioned in Chapter 4.

Dielectric experiments were conducted on two types of well-controlled
radially heterogeneous samples, which were manufactured with side-by-
side and concentric materials. Specifically, only these types of radially
heterogeneous samples were fabricated due to the challenges of manufacturing
well-controlled heterogeneous phantoms with different geometrical structures
within the sensing radius of the slim form probe, which does not exceed the
size of 1.5 mm, as observed in Section 4.3.

For each dielectric experiment, measurements were repeated three times
within each of three different calibrations. The same measurement settings
were used and the same measurement procedure was followed as for the
experiments conducted to estimate the sensing radius (as specified in Section
4.2.1). Thus, before each measurement set, the system was calibrated
using the three-load standard procedure. After each calibration, the system
performance was validated by measuring the dielectric properties of 0.1 M
NaCl and by comparing the measured dielectric properties with the dielectric
properties from the model by Peyman et al. [146]. The temperature of the
calibration and validation liquids were recorded within each calibration.
Measurements were performed after the calibration only if the recordings of
0.1 M NaCl confirmed the measurement uncertainty was consistently within
the values presented in Section 4.2.1 (i.e., 2.4% for relative permittivity and
4.6% for conductivity), otherwise, the calibration was repeated.
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Table 5.1: Summary of heterogeneous samples measured in linear configuration. The
average relative permittivity values of the materials/tissues across the range 2-6 GHz are
specified in brackets.

Samples Material 1 Material 2
L1 Phantom A (εr=7.20) Phantom B (εr=46.10)
L2 Phantom A (εr=7.20) Saline (εr=74.00)
L3 Vegetable oil (εr=2.53) Phantom B (εr=46.10)
L4 Porcine fat (εr=9.20) Porcine muscle (εr=42.10)
L5 Phantom A (εr=7.20) Vegetable oil (εr=2.53)
L6 Saline (εr=74.00) Phantom B (εr=46.10)

Further details regarding the experimental design and protocol are re-
ported in the following subsections for the two types of radially heterogeneous
samples. Specifically, the design of the dielectric measurements conducted
on side-by-side tissue-mimicking materials and biological tissues is firstly dis-
cussed; then followed by the description of the experimental design regarding
concentric tissue-mimicking materials and biological tissues.

5.2.1.1 Investigation of dielectric contribution of materials in
linear heterogeneity configuration

For the fabrication of samples with a linear heterogeneity configuration,
two different materials were placed side-by-side, resulting in one bulk het-
erogeneous sample. The samples consist of Material 1 (on the left) and
Material 2 (on the right). Material 1 and Material 2 are specified for each
heterogeneous sample (denoted L1 to L6) in Table 5.1. The materials/tissues
were selected to maximise the range of material properties and dielectric
contrasts involved in the measurement scenarios. In this way, the impact
of the materials on the measured dielectric properties could be examined
based on the individual material dielectric properties and/or on the dielectric
contrast of the materials.

In Table 5.1, the average relative permittivity values of the materi-
als/tissues across the range of 2-6 GHz are reported in brackets beside the
material name. As is clear from Table 5.1, the materials involved in Samples
L1, L2, L3, and L4 have high contrast in permittivity, while the materials
comprising Samples L5 and L6 have lower contrast in permittivity.

In particular, different solid or liquid phantoms having both high and
low permittivity were assembled, such as 0.1 M NaCl, vegetable oil, and
rubber-based tissue-mimicking phantoms. The tissue-mimicking phantoms
are based on those developed by Santorelli et al. [194], and have a durable,
semi-solid structure. Two types of such rubber-based phantoms were used: a
fat-mimicking phantom having low permittivity, denoted here as “Phantom
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Figure 5.1: Set-up for the measurement scenario used to evaluate how radial hetero-
geneities in linear configuration impact the measured dielectric properties. In the picture,
the probe is positioned on sample L2 at the interface between Phantom A and saline.
Phantom A is the low permittivity rubber-based phantom and was attached to the
bottom of the plastic box using double-sided tape. The probe position on the sample
was controlled, radially, by the calliper attached to the right extremity of the box and,
longitudinally, by the lift table.

A”, and a breast glandular phantom having high permittivity, denoted here
as “Phantom B”.

Measurements were performed at the interface of the two materials as
well as at controlled distances away from the interface. The position of the
sample with respect to the probe was controlled by connecting a calliper
between the box containing the heterogeneous sample and a rigid support.
In this way, the probe was kept in a fixed position (to avoid cable movements
and system perturbations) and the sample was moved underneath the probe
by moving the calliper in discrete steps of 0.5-1 mm. It was ensured that no
contact occurred between the probe and the sample while the calliper was
moved. Specifically, before the probe position on the sample was changed,
the sample was lowered away from the probe using the lift table. In Fig. 5.1,
a photograph of the measurement set-up is provided and, in Fig. 5.2, a
picture of the heterogeneous sample L1 and a diagram of this measurement
scenario are reported.

The dielectric properties were first measured with the probe positioned
on Material 1, at 10 mm from the interface. Then, the probe was brought
closer to the material interface in small increments. At each position, the
dielectric properties were measured. After performing multiple dielectric
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(a) (b)

Figure 5.2: (a) Side view picture and (b) top view diagram of the measurement scenario
used to evaluate how radial heterogeneities in linear configuration impact the measured
dielectric properties. In the photograph, the probe is positioned on sample L1 at the
interface between Phantom A and Phantom B. In the diagram, the red bordered circles
represent the probe and the two sample materials are represented with the colours
yellow and blue. Measurements were performed at the material interface and at different
distances from the interface (from -10 mm to +10 mm).

measurements on the interface, the probe was positioned on Material 2. At
this point, the probe was gradually moved away from the material interface.
Dielectric measurements were performed at each position until the probe
was located on Material 2 at 10 mm from the interface. All distances were
measured using the material interface as the origin, i.e., as distance “zero”.
The distance from the centre of the probe from the position “zero” (material
interface) was considered “negative” if the probe was placed on the left
material (Material 1), and “positive”, if the probe was placed on the right
material (Material 2). Furthermore, a maximum distance of 10 mm from
the interface was chosen for the experiments, since such distance is notably
larger than the sensing radius, and measurements within such distance
could provide further information about the sensing radius. In fact, each
set of experiments enables estimation of the radial distance between the
probe and the material interface at which only the dielectric properties of
one material were detected (i.e., the radial distance at which the effect of
the other material ceased). Thus, this set of experiments not only enables
estimation of the contribution of each material to the measured dielectric
properties, but also supports the estimation of the sensing radius.

As is clear from Table 5.1, dielectric measurements were also performed
on porcine tissue. Specifically, porcine tissue samples, obtained from a
local butcher, were chosen for the measurements because of the well-defined
heterogeneous structure consisting of two easily distinguishable tissues: fat
and muscle. During the measurement procedure, tissue dehydration was
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Figure 5.3: Example of measurement sample used to estimate the contribution of
side-by-side tissues to the measured permittivity. The picture illustrates Sample L4,
a porcine sample consisting of side-by-side fat and muscle tissues. In the figure, the
probe is positioned on the fat-muscle interface, where both fat and muscle tissues occupy
approximately 50% of the sensing volume.

minimised by limiting the exposure of each sample to air. Specifically, prior
to measurements, tissue samples were kept in hermetically closed containers
and between measurement times, the measurement sites were covered with
excess tissue. Furthermore, during tissue measurements, each sample was
brought to the probe tip using a lift table, a firm contact between the probe
and the tissue was established, and the tissue temperature was measured
with an infrared thermometer.

Due to the heterogeneity of the porcine sample, it was not possible to
perform measurements at controlled distances from the fat-muscle interface,
as was done for the tissue-mimicking materials. Thus, measurements were
conducted on three different porcine tissue sites: on only fat, on only
muscle, and at the fat-muscle interface, where both fat and muscle tissues
occupy approximately 50% of the sensing volume. Three measurements were
performed at each of the three sites and averaged. The same measurement
procedure was repeated on three different porcine tissue samples exhibiting
the same tissue distribution. The permittivity values were then examined
to determine the contribution of the fat and muscle tissues to the total
dielectric properties at the fat-muscle interface. The probe position at the
fat-muscle interface of a porcine sample is shown in Fig. 5.3.

For a more quantitative evaluation of the contribution of side-by-side
tissue-mimicking materials and porcine tissues to the dielectric data, numer-
ical simulations were conducted. The design of the numerical simulation is
presented in Section 5.2.2, after discussing the experimental design of the
dielectric measurements conducted on concentric tissue-mimicking materials
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and biological tissues.

5.2.1.2 Investigation of dielectric contribution of materials in
concentric heterogeneity configuration

For the fabrication of samples with a concentric heterogeneity configuration,
fewer materials were combined, given the complexity of fabricating a round
inner material with a radius smaller than the sensing radius of the Keysight
slim form probe (that does not exceed 1.5 mm, as seen in Section 4.3).
As such, besides using concentrically heterogeneous porcine tissue samples,
Teflon or polylactic acid (PLA) and saline solution were combined to fabri-
cate four different tissue-mimicking samples with concentric heterogeneities.
Similarly to porcine muscle and fat, Teflon (or PLA) and saline have a
high contrast in permittivity in order to facilitate the interpretation of the
acquired data (i.e., the separation of the contribution of each material to the
measured dielectric properties). In fact, it is simpler to discern the dielectric
contribution of an individual material from a sample with two materials
having high contrast in permittivity than from a sample with two materials
having low contrast in permittivity.

In particular, the tissue-mimicking materials were combined in two ways:
• In the first configuration, saline was used as the inner material and

Teflon as the outer material;
• In the second configuration, PLA was used as the inner material and

saline as the outer material.
In the first configuration, similarly to the experimental design used for

the estimation of the sensing radius (detailed in Section 4.2.1), a drilled
Teflon plate with apertures having radii of 0.75 and 1 mm was immersed
into saline (these samples are similar to the ones illustrated in Fig. 4.7).
In the other configuration, PLA 3D-printed cylinders having radii of 0.75
and 1 mm were immersed into saline. It was not possible to fabricate inner
materials with radius smaller than 0.75 mm due to the limited resolution
of the drilling machine and the 3D printer. The four tissue-mimicking
concentric samples described above are listed in Table 5.2. In addition,
Table 5.2 reports Samples C5 and C6, which consist of concentric fat and
muscle tissues. As is clear from Table 5.2, Samples C1, C2 and C5 have a
high permittivity material as the inner material, with a low permittivity
material as the outer material, while Samples C3, C4 and C6 have a low
permittivity material as the inner material and a high permittivity material
as the outer material.

In contrast to the tissue-mimicking samples, Samples C5 and C6 include
different sized concentric regions of five porcine samples. Specifically, Sample
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Table 5.2: Summary of heterogeneous samples measured in linear configuration. The
average relative permittivity values of the materials/tissues across the range 2-6 GHz are
specified in brackets.

Samples Inner Material Outer Material
C1 0.75 mm radius saline (εr=74.00) Teflon (εr=2.15)
C2 1 mm radius saline (εr=74.00) Teflon (εr=2.15)
C3 0.75 mm radius PLA (εr=3.00) Saline (εr=74.00)
C4 1 mm radius PLA (εr=3.00) Saline (εr=74.00)
C5 0.5-0.9 mm radius porcine muscle (εr=42.10) Fat (εr=9.20)
C6 0.5-0.9 mm radius porcine fat (εr=9.20) Muscle (εr=42.10)

C5 includes concentrically heterogeneous tissue regions consisting of muscle
as the inner tissue, with radii ranging from 0.5 mm to 0.9 mm, surrounded
by fat. Conversely, Sample C6 includes concentrically heterogeneous tissue
regions consisting of fat as the inner tissue, with radii ranging from 0.5 mm
to 0.9 mm, surrounded by muscle. The inner and outer tissues of the
concentrically heterogeneous regions were approximately homogeneous. Also,
the radius of the inner tissue was always within the sensing radius. In Fig. 5.4,
a concentrically heterogeneous region with muscle as the inner tissue and
fat as the outer tissue is shown. In Fig. 5.4, the size of the probe diameter
(2.2 mm) is also included to better illustrate the size of the inner region
occupied by the small approximately homogeneous muscle tissue.

Dielectric measurements on concentrically heterogeneous samples were
performed by positioning each inner material/tissue in contact with the inner
part of the probe tip. In this way, the samples were heterogeneous in the
radial axis but unvarying in the longitudinal axis. Uniform contact between
the probe and the sample was ensured through close visual inspection. A
photograph and diagram of the measurements conducted on tissue-mimicking
samples are shown in Fig. 5.5. The photograph in Fig. 5.5 illustrates a
measurement being conducted on Sample C3, composed of an inner material
of 0.75 mm radius PLA and an outer liquid of saline. The diagram in
Fig. 5.5 summarises the set of measurements performed on the concentrically
heterogeneous tissue-mimicking samples. The inner material is indicated in
blue and has a radius ranging from 0.25 mm to 1 mm, surrounded by the
outer material that has a radius much larger than that of the probe.

Following the measurements, the dielectric properties measured from
the concentric tissue-mimicking samples were quantitatively compared to
those estimated based on the assumption that the dielectric contribution of
a material is proportional to the volume occupied by that material within
the sensing volume. Such quantitative comparison was not conducted for
concentric biological samples due to the challenges of accurately measure
the size of the inner tissue. In fact, for each tissue sample, the average

164



CHAPTER 5. MATERIAL DIELECTRIC CONTRIBUTION

Figure 5.4: Example of measurement sample used to estimate the contribution of
concentric tissues to the measured permittivity. The picture illustrates Sample C5, a
concentrically heterogeneous porcine sample having muscle as the inner tissue and fat as
the outer tissue. The size of the inner muscle tissue is highlighted in the picture with
reference to the diameter of the slim form probe (2.2 mm).

(a) (b)

Figure 5.5: (a) Side view picture and (b) top view diagram of the measurement
scenario used to evaluate how radial heterogeneities in concentric configuration impact
the measured dielectric properties. In the photograph, the probe is positioned on Sample
C3, consisting of the 0.75 mm radius PLA cylinder immersed in saline. In the diagram,
the red bordered circle represents the probe and the two sample materials are represented
with the colours yellow and blue. The inner material (in blue) has a radius ranging from
0.25 to 1 mm, and the outer material (in yellow) extends outside of this extent.
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permittivity values from the concentrically heterogeneous measurement
regions were only qualitatively compared with the average permittivity
values from homogeneous fat and muscle regions.

On the other hand, for each tissue-mimicking sample consisting of Teflon
(or PLA) and saline, the material composition was calculated as a percentage
(by volume occupied within the sensing volume) and associated with the
corresponding dielectric data acquired by the probe. The percent volume oc-
cupied by the inner material of each tissue-mimicking sample was calculated
based on the estimated sensing radius as follows:

Inner material [%] = 100
πr2

1

πR2
, (5.1)

where r1 is the radius of the inner material, and R is the sensing radius of
the Keysight slim form probe reported in Section 4.3.2 for samples consisting
of saline and Teflon (or PLA, since Teflon and PLA have approximately
equivalent dielectric properties as shown in Table 5.2). Specifically, from
the simulation results presented in Section 4.3.2, a sensing radius of 1.4 mm
was found for the sample having saline as the inner material and Teflon
as the outer material, while a sensing radius of 1.1 mm was found for the
sample having Teflon as the inner material and saline as the outer material.
Finally, the percent volume occupied by the outer material of each sample
was calculated by subtracting the inner material percentage composition
from the total percent composition of 100:

Outer material [%] = 100− Inner material [%]. (5.2)

Before showing the experimental results, the numerical methodology
used to validate the outcome from dielectric measurements and then expand
the dielectric contribution investigation is detailed.

5.2.2 Numerical validation and modelling

In this subsection, the design of the numerical simulations reproducing
the two experimental scenarios involving side-by-side and concentric tissue-
mimicking and biological tissues is presented, in order to confirm the ex-
perimental findings and to obtain more quantitative information on the
dielectric contribution of each tissue within the sensing radius. Then, the
design of the numerical simulations is presented. These simulations model
the contribution of individual tissues to the acquired dielectric data, as a
function of the dielectric properties and geometrical distribution of each
tissue within the radially heterogeneous samples.
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5.2.2.1 Numerical design and settings

Numerical simulations were performed by following the methodology de-
scribed in Section 4.2.2. For the slim form probe model, the probe features
reported in Table 4.6 were used. According to the measurement scenario
that the simulation was based on, either a 2D or 3D simulation environment
was selected. In particular, two probe models were used:
• The 2D axially symmetric probe model (developed for the estimation

of the sensing radius of the Keysight slim form probe), which was
used for modelling concentrically heterogeneous samples (i.e., axially
symmetric samples);
• A 3D probe model, which was used for modelling samples composed

of side-by-side materials (i.e., non-axially symmetric samples).
Next, different sample geometries were created based on the measurement

samples. In particular, all of the concentrically heterogeneous samples re-
ported in Table 5.2 were simulated in the 2D axially symmetric environment.
Conversely, due to the number of side-by-side materials constituting the
samples with linear heterogeneity configuration, among the samples listed in
Table 5.1, only Samples L1 and L4 were simulated in the 3D environment.

For the 2D simulations, the geometry of the slim form probe and samples
modelled for the sensing radius investigation (detailed in Section 4.2.2),
were used. For clarity, the 2D probe and sample geometry is also illustrated
in Fig. 5.6. While the same probe model was used across all concentric
scenarios, the size of the simulated samples was modified to reproduce each
experimental scenario (reported in Table 5.2). For instance, for Samples C1
and C3, the inner material was modelled as a cylinder having a radius of
0.75 mm, while for Samples C2 and C4, the inner material was modelled as
a cylinder having a radius of 1 mm. Furthermore, due to the difficulty of
numerically reproducing the tissue irregularities of Samples C5 and C6, the
measurements on those samples were not replicated numerically in exactly
the same way (as was done for Samples C1, C2, C3 and C4). Specifically,
Samples C5 and C6 were modelled with a geometry such that both fat
and muscle tissues occupy 50% of the sensing volume, in order to facilitate
comparison with the results from the fat-muscle interface of the simulated
Sample L2. In fact, with the probe positioned at the fat-muscle interface, the
side-by-side simulated fat and muscle tissues both occupy 50% of the sensing
radius. For the simulated Samples C5 and C6, in order to ensure that each
tissue occupies 50% of the sensing radius, the radius of the inner tissue, and
consequently the size of the outer tissue, were calculated. The inner tissue
radius was obtained from knowledge of the sensing radius (estimated from
the simulations in Chapter 4), through:

167



CHAPTER 5. MATERIAL DIELECTRIC CONTRIBUTION

Figure 5.6: 2D axially symmetric model designed to evaluate the dielectric contribution
of concentric materials to the acquired signal. Different values were used for the radius of
the inner material and dielectric properties were assigned to the inner and outer materials
of each simulated concentrically heterogeneous sample.

1

2

πr2
1

πR2
+

1

2

π(R− r1)2

πR2
= 1, (5.3)

where r1 and R were defined in Eq. (5.1). By solving Eq. (5.3), different
values of inner tissue radius r1 were obtained for the two samples, since two
different values of sensing radius were found for the two samples consisting
of the same tissue but with swapped locations in Section 4.3.2 (due to the
fact that the permittivity of the inner material has a greater impact on the
sensing radius). In fact, an r1 of 0.71 mm was found for the sample having
muscle as the inner tissue and fat as the outer tissue (since the sensing
radius R found for such a sample in Section 4.3.2 is equal to 1 mm), while
an r1 of 0.64 mm was found for the sample having fat as the inner tissue
and muscle as the outer tissue (since the sensing radius R found for such a
sample in Section 4.3.2 is equal to 0.9 mm).

For the 3D simulations, the geometry of the slim form probe created for
the 2D simulations was translated to the 3D environment, and the side-by-
side materials from Samples L1 and L4 were modelled as two parallelepipeds
adjacent to each other, with each size larger than the sensing volume (in
order to allow for dielectric acquisition of an individual material without
the influence of the adjacent material), as illustrated in Fig. 5.7. In the
diagram of Fig. 5.7, the probe is positioned at the material interface, exactly
in the middle of the sample, where both materials occupy 50% of the sensing
volume. However, in the 3D simulations, different positions of the probe
with distances between 0-10 mm from the interface (as for the experiments
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Figure 5.7: 3D simulation model designed to evaluate the dielectric contribution of
side-by-side materials from the simulated Samples L1 and L4. In the diagram, the probe
is positioned at the material interface (exactly in the middle of the sample). However, for
each sample, different probe positions with distances between 0-10 mm from the interface
were considered in order to estimate the radial distance at which only the dielectric
properties of one material are detected (i.e., the radial distance at which the effect of the
other material ceases).

presented in the previous subsection) were considered in order to estimate
the radial distance at which only the dielectric properties of one material are
detected (i.e., the radial distance at which the effect of the other material
ceases).

After creating the probe and sample geometry, the dielectric properties
of the two materials constituting each simulated sample were obtained by
fitting one-pole or two-pole Debye/Cole-Cole models to the average measured
data. Thus, the dielectric properties obtained from the measured data fitting
were assigned to the materials of each simulation model. Either Debye or
Cole-Cole models were selected based on the quality of the fit. Specifically,
for Teflon and saline, the Cole-Cole parameters reported in Section 4.2.2 were
used in the numerical simulations of concentric tissue-mimicking samples.
In addition, the Debye parameters obtained for Phantom A, Phantom B,
and the porcine muscle and fat tissues are reported in Table 5.3.

For both 2D and 3D models, the coaxial source and absorbing boundary
settings presented in Section 4.2.2 were used. Furthermore, for the 2D
environment, the mesh and solver settings as presented in Section 4.2.2 were
used. For the 3D environment, a mesh with the minimum and maximum
element sizes of 0.1 mm and 0.3 mm, respectively, was created and the
iterative biconjugate gradient stabilised method (BICGSTAB) was used to
solve the simulations [195]. The 3D simulations used a coarser mesh and a
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Table 5.3: Debye parameters to simulate radially heterogeneous samples, each consisting
of two of the following materials: Phantom A, Phantom B, porcine muscle and fat.

Parameters Phantom A Phantom B Muscle Fat
ε∞ 7.03 39.17 9.99 5.14
εs1 8.56 55.22 51.04 6.87
τ1 [s] 4.78e-9 6.44e-11 3.06e-10 9.22e-11
εs2 NA NA 32.58 7.25
τ2 [s] NA NA 8.87e-12 9.27e-12

σs [S/m] 0.01 0.99 0.99 0.40

different solver (BICGSTAB) compared to the 2D simulations, due to the
higher complexity of the 3D environment and the limits of the computational
memory. Although the mesh element sizes and the solvers differed between
the 2D and 3D simulations, results obtained from the same scenarios run
in both environments were compared and the results were confirmed to be
consistent.

After the simulations were solved, the complex S11 parameters obtained
from simulated samples were converted into complex permittivity values,
using the open-ended coaxial probe antenna model [101], as specified in
Section 4.2.2.

The experimental and numerical procedure followed for the estimation
of the material/tissue contribution within radially heterogeneous samples
(consisting of two side-by-side or concentric materials/tissues) is schematised
in Fig. 5.8.

Besides the simulations performed to validate the experimental outcome,
further simulations (the details of which are provided in the following
subsection), were conducted for the two types of radially heterogeneous
samples, in order to model, for each sample, the dielectric contribution of
each tissue occupying the sensing radius.

5.2.2.2 Modelling the dielectric contribution of individual
tissues occupying the sensing radius

Simulations involving further side-by-side and concentric biological tissues
are detailed in this subsection. Such simulations were conducted in order to
model individual tissue dielectric contribution and facilitate prediction of
the acquired dielectric data from a priori information of the structure of the
interrogated sample and the dielectric properties of the constituent tissues.

In order to model the dielectric contribution of two side-by-side tissues
occupying the sensing radius, a 3D geometry like the one presented in the
previous subsection (and illustrated in Fig. 5.7) was used. As such, the
samples were modelled as two parallelepipeds, with each size larger than the
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Figure 5.8: Flowchart summarising the experimental and numerical steps taken to
estimate the material/tissue contribution within radially heterogeneous samples (consist-
ing of two side-by-side or concentric materials/tissues). In case of mismatch between
simulated and measured data, the measurements were repeated by monitoring all the
confounders and by minimising the sources of error.

sensing volume, adjacent to each other. Next, simulations were conducted
for different probe positions by moving the probe from Tissue 1 (on the left)
to Tissue 2 (on the right) in discrete steps of 0.2 mm, in proximity of the
tissue interface. By considering the distances from the centre of the probe to
the tissue interface as negative when the probe was primarily in contact with
Tissue 1 and the distances from the centre of the probe to the tissue interface
as positive when the probe was primarily in contact with Tissue 2 (as with
the experiments detailed in 5.2.1), numerical simulations were conducted
at the following distances from the interface: -1.1 mm, -0.8 mm, -0.6 mm,
-0.4 mm, -0.2 mm, 0 mm, 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, 1.1 mm. The
distance “0 mm” refers to the scenario when the probe is positioned at the
tissue interface (where both tissues occupy 50% of the sensing radius). In
addition, at the distance of -1.1 mm, the probe was solely in contact with
Tissue 1, and, at the distance of 1.1 mm, the probe was solely in contact
with Tissue 2. The maximum distance of 1.1 mm was selected, given that
the sensing radius of the slim form probe does not exceed this value for the
subset of tissues listed in Table 5.4 (as observed in Section 4.3.1).

On the other hand, in order to model the dielectric contribution of two
concentric tissues occupying the sensing radius, a 2D geometry like the one
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presented in the previous subsection (and illustrated in Fig. 5.6) was used.
Specifically, the concentric samples were modelled as a cylindrical inner
tissue with variable radius ranging from 0.1 mm to 2.5 mm (that is larger
than the maximum extent of the sensing radius observed in Section 4.3.1),
surrounded by a concentric outer tissue that extends to a radius beyond
that of the sensing radius.

For both types of radially heterogeneous samples, four different biological
tissues were combined in six simulated samples, as listed in Table 5.4. Various
tissue combinations were examined in order to span different permittivity
magnitudes and contrasts in relative permittivity, ranging from 3:2 to 4:1.
The tissue dielectric properties assigned to the simulation samples were
obtained from the IT’IS database [190].

Once the simulation data was generated, the weight of each tissue
contribution to the total acquired dielectric signal was calculated as in the
study by Porter et al. [64]. Thus, considering that the measured dielectric
data, for a fixed sample composition, is a combination of the dielectric
properties of Tissue 1 and Tissue 2, the measured relative permittivity
εr,meas can be expressed as follows:

εr,meas = wm,T1 εr1 + wm,T2 εr2, (5.4)

where εr1 is the relative permittivity of Tissue 1, εr2 is the relative permit-
tivity of Tissue 2, wm,T1 is the dielectric weight of Tissue 1, and wm,T2 is
the weight of the properties of Tissue 2. In the case of samples in concentric
configuration, Tissue 1 is the outer tissue and Tissue 2 is the inner tissue.
Since the samples consist of only two tissues, the sum of the two dielectric
contributions matches the total contribution; thus:

wm,T1 + wm,T2 = 1. (5.5)

Combining equations Eq. (5.4) and Eq. (5.5), the weights can be calcu-
lated as follows:

wm,T1 =
εr,meas − εr2
εr1 − εr2

, (5.6)

wm,T2 =
εr1 − εr,meas
εr1 − εr2

. (5.7)

When Tissue 1 (or the outer tissue) occupies the total sensing volume,
Tissue 2 does not impact the measured dielectric data, then wm,T2= 0, and
εr,meas = εr1. Similarly, when the probe is only in contact with Tissue 2 (or
the inner tissue), then wm,T1= 0, and εr,meas = εr2.
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Table 5.4: Summary of simulated samples in linear and concentric heterogeneity config-
urations. The average relative permittivity values of the tissues across the range 2-6 GHz
are specified in brackets.

Samples Tissue 1/Outer Tissue Tissue 2/Inner Tissue
S1 Muscle (εr=42.10) Fat (εr=9.20)
S2 Fat (εr=9.20) Muscle (εr=42.10)
S3 Bone (εr=17.00) Fat (εr=9.20)
S4 Fat (εr=9.20) Bone (εr=17.00)
S5 Blood (εr=55.60) Muscle (εr=42.10)
S6 Muscle (εr=42.10) Blood (εr=55.60)

Then, the calculated weights of the dielectric contribution of tissues were
modelled using the generalised logistic function (also known as Richards
curve [196]). The models for the weights of the two tissues constituting the
radially heterogeneous sample were obtained with the following equations:

wm,T2 =
1

(a+ be−cr)
1
d

, (5.8)

wm,T1 = 1− 1

(a+ be−cr)
1
d

, (5.9)

where r is the radial distance from the centre of the probe to the tissue
interface for samples in linear configuration (or the radius of the inner tissue
for samples in concentric configuration), and a, b, c and d are the four
parameters of Richards curve.

The models above support prediction of the permittivity of a sample with
radial heterogeneities based on knowledge of the structure and dielectric
properties of the constituent tissues. In the following section, the devel-
oped models are presented, after discussing the results from the dielectric
experiments and the corresponding numerical simulations.

5.3 Results and Discussion

This section examines the dielectric properties from the measurement and
simulation scenarios described in Section 5.2 and reports the results in three
subsections as follows. In the first subsection, the dielectric contribution of
tissue-mimicking materials and biological tissues within radially heteroge-
neous structures in the linear configuration is examined from the acquired
experimental and numerical data. In the second subsection, the same analysis
was conducted for concentrically heterogeneous tissue-mimicking and biolog-
ical samples. Lastly, in the third subsection, the numerical data obtained
from simulations reproducing the interaction of the measurement probe with
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biological tissues presenting the two types of radial heterogeneities, linear
and concentric, are examined and modelled. The resulting models support
prediction of the dielectric contribution of individual tissues from knowledge
of the acquired dielectric signal and the interrogated sample structure.

5.3.1 Dielectric contribution of materials in linear
heterogeneity configuration

In Fig. 5.9, experimental and numerical results from Sample L1 (shown
in Fig. 5.2), composed of Phantom A (Material 1, on the left side) and
Phantom B (Material 2, on the right side), are illustrated over the range of
2-6 GHz. In particular, the numerical results illustrated in Fig. 5.9b were
obtained from the 3D simulations that accurately reproduced the set of
measurements conducted on Sample L1 and illustrated in Fig. 5.9a. Fig. 5.9
reports only the relative permittivity data obtained from the measurements
and simulations, since Phantom A and Phantom B present conductivity
values that follow a trend different from that of the conductivity of biological
tissues [197]. However, both relativity permittivity and conductivity values
are then illustrated for the biological sample L4 in Fig. 5.10.

The values reported in the legend of each plot of Fig. 5.9 refer to the
distances between the centre of the probe and the interface. As mentioned
previously in Section 5.2.1, the distances are negative if the probe is po-
sitioned on the left material (Phantom A), and positive if the probe is
positioned on the right material (Phantom B). Specifically, Fig. 5.9a illus-
trates the traces from the measurements taken on Phantom A at decreasing
distances from the interface, the average trace from the three measurements
taken at the interface, and the traces taken on Phantom B at increasing
distances from the interface. On the other hand, besides the data from
the simulation at the interface, Fig. 5.9b illustrates only the traces from
the simulations performed on Phantom A and Phantom B at the distances
of 1.1 mm and 10 mm. Specifically, the simulation data obtained at the
intermediate distances between 1.1 mm and 10 mm are not illustrated in
Fig. 5.9b, since such data overlaps with the plotted data from the distances
of 1.1 mm and 10 mm, and thus does not provide additional information.

In both plots of Fig. 5.9, the measurements taken at the distances of
-1.1 mm and +1.1 mm from Phantom A and Phantom B, respectively, are
shown with dashed lines. These traces are highlighted since they correspond
to measurements conducted with one side of the probe adjacent to the
interface (since the total radius of the probe is equal to 1.1 mm). As is
clear from both measurement and simulation plots of Fig. 5.9, at 1.1 mm
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(a)

(b)

Figure 5.9: Relative permittivity traces from (a) measurements and (b) simulations
performed over the range of 2-6 GHz on Sample L1, composed of a linear configuration
of Phantom A (left material) and Phantom B (right material). Both measurements and
simulations were performed with the probe positioned over small increments in distance
from the low permittivity (Phantom A) to the high permittivity phantom (Phantom
B). The distances, reported in the legend, are negative if the probe is positioned on the
left material (Phantom A), and positive if the probe is positioned on the right material
(Phantom B). The traces from acquisitions performed at distances ±1.1 mm between
the probe centre and the interface are dashed. The thick yellow solid trace is from the
measurement/simulation performed with the probe centre lined up with the phantom
interface, and is overlapped by the relative permittivity trace obtained by averaging
the relative permittivity values of Phantom A and Phantom B (indicated with a green
dash-dotted line). While in (a) all the measurement traces are reported, in (b), the
simulation data obtained at the intermediate distances between 1.1 mm and 10 mm are
not illustrated, since this data overlaps with the 1.1 mm and 10 mm distance data, and
thus does not provide additional information.
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the data is comparable with the data from larger distances, i.e., when the
probe is further from the interface. Specifically, in Fig. 5.9b, the 1.1 mm
distance data perfectly overlaps with the 10 mm data, and in Fig. 5.9a, the
1.1 mm data is within the measurement uncertainty of the phantoms. The
uncertainty of Phantom B is higher than the uncertainty of Phantom A due to
poor measurement repeatability, which can be attributed to the challenging
fabrication procedure of high permittivity rubber-based phantoms. In fact,
high permittivity phantoms require a large amount of carbon black and
graphite that increase the viscosity of the compound making it hard to mix
uniformly [194], [197]. Despite this, both the plots of Fig. 5.9 confirm that
the sensing radius of the slim form probe is less than 1.5 mm, as estimated
in Section 4.3.2.

Furthermore, in both measurement and simulation plots of Fig. 5.9,
the relative permittivity data averaged across the interface measurements
is illustrated with a thick yellow line. The average interface data is also
compared to the estimated data (illustrated with a green dash-dotted line in
both plots of Fig. 5.9), which is obtained by considering that the dielectric
contribution of an individual material is proportional to the volume occupied
within the sensing volume. Since, at the interface, both materials occupy
50% of the sensing volume, the estimated data is half way between the
Phantom A and Phantom B traces. In both plots of Fig. 5.9, the relative
permittivity data from interface acquisitions overlaps with the estimated
relative permittivity data, thus confirming that Phantom A and Phantom B
contribute equally to the dielectric data acquired at the interface. Specifically,
in Fig. 5.9a, the difference between the measured and the estimated relative
permittivity data at the interface is approximately 5%, which is within the
standard deviation of the phantom measurements.

The results from the sets of experiments reported in Fig. 5.9 not only
confirm the outcome of the sensing radius investigation presented in Section
4.3 (i.e., the sensing radius of the Keysight slim form probe is within 1.1 mm),
but are also consistent with the experimental outcome in the study by Hagl
et al. [65]. In fact, in the study by Hagl et al. [65], it was found that no
error was introduced in the measurement when the probe was located at the
edge of a region of homogeneous material (i.e., distance from probe centre
to homogeneous material edge = 1.1 mm), indicating that the probe was
not detecting the presence of the materials beyond the radius of the probe
outer conductor. Furthermore, from the experiments illustrated in Fig. 5.9,
it was also found that two side-by-side materials provide equal dielectric
contribution to the acquired signal. These findings have been found across
all of the heterogeneous samples in linear configuration, regardless of the
permittivity contrast of the materials. As a demonstration, the results from
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(a) (b)

(c) (d)

Figure 5.10: Relative permittivity and conductivity plots from the measurements (a-b)
and simulations (c-d) performed on Sample L4. In all plots, the average data from muscle
is reported with a blue solid line, the average data from fat with a red solid line, and the
average data from the fat-muscle interface with a thick yellow line. Furthermore, across
all the plots, the data acquired at the interface is compared with the data estimated
by averaging the fat and muscle data (indicated with a green dash-dotted line). The
permittivity values from the fat-muscle interface are halfway between the permittivity
values of fat and muscle tissues and within 10% of the permittivity values calculated by
averaging the fat and muscle permittivity.

the measurements and simulations performed on porcine tissue (Sample L4)
are reported in Fig. 5.10.

In Fig. 5.10, measurements and simulation results from only three sites
of Sample L4 (illustrated in Fig. 5.3) are reported due to the impossibility
of performing measurements at controlled distances from the fat-muscle
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interface of highly heterogeneous porcine samples, as mentioned in Section
5.2.1. Analysing both simulated and measured relative permittivity and
conductivity data from side-by-side fat and muscle tissues across all plots
of Fig. 5.10, it can be observed that the fat and muscle tissues contribute
equally to the dielectric data acquired at the fat-muscle interface.

This experimental outcome is clear from the comparison between the
average permittivity values from the fat-muscle tissue interface acquisitions
and the estimated permittivity obtained by averaging the permittivity values
from the acquired fat and muscle tissues. In Fig. 5.10c and Fig. 5.10d, the
relative permittivity and conductivity acquired at the fat-muscle interface
overlap perfectly with the estimated relative permittivity and conductivity.
Conversely, in Fig. 5.10a and Fig. 5.10b, a small difference is found between
measured and estimated values. Specifically, Fig. 5.10a shows that the
difference between the mean measured relative permittivity at the fat-muscle
tissue interface and the estimated relative permittivity is less than 5%.
Similarly, Fig. 5.10b shows that the difference between the mean measured
conductivity at the fat-muscle tissue interface and the estimated conductivity
is less than 10%. However, such differences in relative permittivity and
conductivity are within the measurement uncertainty of porcine samples.

Thus, from both measurements and simulations, it was observed that
side-by-side tissue mimicking materials and biological tissues contribute
equally to the acquired permittivity, regardless of material/tissue properties
or contrast.

In order to verify how the dielectric tissue contribution depends on
the spatial distribution of the tissues occupying the sensing volume, the
results from concentric material compositions are reported in the following
subsection.

5.3.2 Dielectric contribution of materials in
concentric heterogeneity configuration

In this subsection, the data obtained from the dielectric measurements per-
formed on concentrically heterogeneous samples is examined and discussed.
While for heterogeneous samples in linear configuration the measured di-
electric properties were consistent across all the samples (regardless of the
permittivity contrast of the materials), from the measurements performed on
concentric samples, it was observed that the measured dielectric properties
changed based on the dielectric properties of the constituent materials within
the sensing radius.

In order to examine how materials within the same sample structure have
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Figure 5.11: Plot of the relative permittivity mean, minimum and maximum values
calculated across three measurements, each on 100% Teflon, 100% saline, and the concen-
trically heterogeneous sample consisting of 29% saline and 71% Teflon (Sample C1). The
relative permittivity from Sample C1 is between that of Teflon and saline and overlaps
with the permittivity estimated based on the material composition within the sensing
radius.

a varying impact on the acquired dielectric signal based on the dielectric
properties of the constituent materials, Fig. 5.11 and Fig. 5.12 report the
results from the concentric samples C1 and C3, respectively. The results
are reported only in terms of relative permittivity, since the same trend was
found for conductivity. Both Samples C1 and C3 are composed of a 0.75 mm
radius inner material. Although Samples C1 and C3 have the same structure,
the inner material of Sample C1 occupies 29% of the sensing volume, while
the inner material of Sample C3 occupies the 46% of the sensing volume.
Such differences are due to the fact that the volume occupied by the inner
material was calculated according to Eq. (5.1) based on the sensing radius
values found in Section 4.3.1. In fact, in Section 4.3.1, for a concentric
sample with saline as the inner material and Teflon as the outer material,
such as Sample C1 (similar to the sample illustrated in Fig. 4.7), a sensing
radius of 1.4 mm was found, while, for a concentric sample with Teflon (that
has a permittivity approximately equivalent to that of PLA) as the inner
material and saline as the outer material, such as Sample C3 (illustrated in
Fig. 5.5), a sensing radius of 1.1 mm was found.

In particular, in Fig. 5.11 and Fig. 5.12, the measured relative permittiv-
ity is compared to that estimated based on the material composition within
the sensing radius (which is 1.4 mm for C1 and 1.1 mm for C3). In each plot,
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Figure 5.12: Plot of the relative permittivity mean, minimum and maximum values
calculated across three measurements, each on 100% Teflon, 100% saline, and the con-
centrically heterogeneous sample consisting of 46% PLA and 54% saline (Sample C3).
The relative permittivity from Sample C3 is close to that of PLA but 63% different from
the relative permittivity estimated based on the material composition within the sensing
radius.

the relative permittivity of the two individual materials constituting the con-
centric sample is also reported. In both Fig. 5.11 and Fig. 5.12, the average
results from three different measurements (each after a different calibration)
are summarised. Specifically, the mean, minimum, and maximum values are
calculated across the three measurements. The measurements of PLA and
Teflon (immersed in saline) have high variation and their average relative
permittivity is higher than expected due to the difficulty of establishing a
good contact between the probe and rigid materials. Also, the high variation
in the measurements performed on Sample C1 (having 0.75 mm radius saline
as the inner material and, thus, composed of 29% saline and 71% Teflon)
is also due to the challenge of positioning the probe centre exactly in the
centre of the Teflon aperture. In fact, during the measurement, we could not
ensure that the Teflon aperture was perfectly equidistant from the probe
sides.

However, in Fig. 5.11, the mean relative permittivity values obtained
across the measurements on Sample C1 (yellow solid trace) overlap with
the estimated relative permittivity values (green dash-dotted trace). On
the other hand, in Fig. 5.12, the mean relative permittivity values obtained
across the measurements on Sample C3 (yellow solid trace) are 63% different
from the estimated relative permittivity values (green dash-dotted trace)
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Figure 5.13: Plot of the relative permittivity values obtained from simulations performed
with the following samples: 100% Teflon, 100% saline, 29% saline 71% Teflon (Sample C1),
46% Teflon 54% saline (Sample C3, with Teflon replacing PLA). The relative permittivity
traces from Samples C1 and C3 (plotted with yellow solid and dashed lines, respectively)
are compared with the relative permittivity traces estimated based on the material
composition within the sensing radius of Sample C1 and C3 (plotted with green solid and
dashed lines, respectively). While, for Sample C1, the estimated relative permittivity
trace is about 40% different from the simulated relative permittivity, for Sample C3, the
estimated relative permittivity trace is about 50% different from the simulated relative
permittivity, which is approximately equal to the relative permittivity of Teflon.

and are very close to PLA relative permittivity values. Thus, while the
dielectric properties of Sample C1 seem proportional to each individual
material contribution, the dielectric properties of Sample C3 are dominantly
impacted by the permittivity of the inner material. Even though Sample C1
and Sample C3 both have the same structure, the inner material of Sample
C3 has significantly more impact on the measured dielectric properties than
the inner material of Sample C1.

These results obtained for Samples C1 and C3 were validated through
numerical simulations, and the results are summarised in Fig. 5.13. The
simulations regarding Samples C1 and C3 were executed in the 2D axially-
symmetric environment (as illustrated in Fig. 5.6) and reproduce accurately
the dielectric measurements reported in Fig. 5.11 and Fig. 5.12, with the
only difference being that PLA in C3 was replaced with Teflon (which has a
permittivity very close to that of PLA). In this way, both simulated Samples
C1 and C3 are composed of the same materials, Teflon and saline, but
inversely arranged.
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As is clear from Fig. 5.13, the relative permittivity from the simulated
sample with saline as the inner material (yellow solid line) is approximately
40% different from the relative permittivity estimated based on the material
composition within the sensing radius (green solid line). On the other hand,
the relative permittivity from the simulated sample with Teflon as the inner
material (yellow dashed line) is almost equivalent to that of Teflon alone,
and approximately 96% different from the relative permittivity estimated
based on the material composition within the sensing radius (green dashed
line).

Thus, this set of simulations confirms that the relative permittivity ac-
quired from a concentric sample is not proportional to the percent volume
occupied by the constituent materials. Specifically, the acquired dielectric
signal is primarily dependent on the dielectric properties of the inner ma-
terial, which has a much higher dielectric impact on the acquired signal
than the outer material, particularly when the relative permittivity of the
inner material is lower. This numerical outcome matches the experimental
outcome, although the simulated relative permittivity of the 29% saline
and 71% Teflon sample (plotted with a yellow solid line in Fig. 5.13) is
approximately 25% different from the measured mean permittivity (plotted
with a yellow solid line in Fig. 5.11). This relative permittivity difference
between measurements and simulations can be attributed to the measure-
ment challenge of positioning the probe centre exactly in the centre of the
Teflon aperture.

Overall, the simulation results summarised in Fig. 5.13 are consistent
with the experimental findings. Furthermore, the findings obtained from the
measurements and simulations involving Samples C1 and C3 are consistent
with the outcome of the sensing radius investigation reported in Section
4.3 and with the findings from the literature [181]. In fact, as observed
by Anderson et al. [181] and confirmed in Section 4.3.1, the electric field
intensity is higher in proximity of the inner conductor of the probe.

In addition, this outcome was confirmed by the measurements on Samples
C2, C4, C5 and C6. Measurements performed on Samples C5 and C6 (an
example of Sample C5 was provided in Fig. 5.4), permittivity data close to
that of the inner tissue was obtained. To this extent, Fig. 5.14 reports the
average relative permittivity measured from fat tissue, muscle tissue, and
the two concentrically heterogeneous samples, Samples C5 with muscle as
the inner tissue and fat as the outer tissue (indicated with a violet dashed
line in Fig. 5.14) and Samples C6 with fat as the inner tissue and muscle
as the outer tissue (indicated with a yellow dashed line in Fig. 5.14). In
Fig. 5.14, it can be observed that the permittivity values obtained from
Samples C5 are within 15% of the permittivity values obtained from muscle

182



CHAPTER 5. MATERIAL DIELECTRIC CONTRIBUTION

Figure 5.14: Average relative permittivity calculated across five measurements on
muscle, fat, Samples C5, which consist of inner muscle tissue having radii ranging from
0.5 to 0.9 mm surrounded by fat tissue (indicated with a violet dashed line), and Samples
C6, which consist of inner fat tissue having radii ranging from 0.5 to 0.9 mm surrounded
by muscle tissue (indicated with a yellow dashed line). The permittivity values obtained
from Samples C5 are within 15% of the permittivity values obtained from muscle tissue.
On the other hand, the permittivity values obtained from Samples C6 are within 10% of
the permittivity values obtained from fat tissue.

tissue. On the other hand, the permittivity values obtained from Samples
C6 are within 10% of the permittivity values obtained from fat tissue. This
comparison confirms that the inner tissue again has a dominant impact on
the measured dielectric data.

Furthermore, for a more quantitative investigation, in Fig. 5.15, the
simulation results from the two concentric samples consisting of 50% fat and
50% muscle described in Section 5.2.2 were compared with the simulation
results from homogeneous fat and muscle samples. Fig. 5.15 reports the
results from simulations with homogeneous fat, homogeneous muscle, a
concentric sample consisting of 50% muscle and 50% fat, with muscle as the
inner tissue and fat as the outer tissue (indicated with an orange dashed
line), and a concentric sample consisting of 50% muscle and 50% fat, with
fat as the inner tissue and muscle as the outer tissue (indicated with a
light blue dashed line). The results are reported only in terms of relative
permittivity, since the same trend was found for the S11 parameters and the
conductivity.
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Figure 5.15: Relative permittivity obtained from 2D simulations of muscle, fat, and
two 50% muscle and 50% fat tissue concentric samples, one with muscle as the inner
tissue and fat as the outer tissue (indicated with an orange dashed line), and the other
one with fat as the inner tissue and muscle as the outer tissue (indicated with a light
blue dashed line). The relative permittivity from the simulated 50% fat and 50% muscle
tissue concentric samples are significantly different from the relative permittivity values
obtained by averaging the simulated fat and muscle permittivity.

As is clear in Fig. 5.15, the relative permittivity from the simulated
50% fat and 50% muscle tissue concentric samples are significantly different
from the relative permittivity values obtained by averaging the simulated
fat and muscle permittivity. Specifically, an average relative permittivity
difference of 33% was found between the estimated relative permittivity and
the acquired relative permittivity from the sample composed of 50% muscle
and 50% fat, with muscle as the inner tissue and fat as the outer tissue.
Furthermore, an average permittivity difference of 55% was found between
the estimated relative permittivity and the relative permittivity from the
sample composed of 50% muscle and 50% fat, with fat as the inner tissue and
muscle as the outer tissue. These relative permittivity differences further
confirm that the inner tissue has a higher impact than the outer tissue on
the acquired permittivity, especially if the inner tissue has lower permittivity.
Notably, the results for these concentric samples are substantially different
from those obtained in the previous subsection with samples consisting of
side-by-side 50% fat and 50% muscle tissues (and shown in Fig. 5.10), in
which fat and muscle tissues contribute equally to the acquired permittivity.
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To summarise, both the measurement and simulation results confirmed
that in concentric heterogeneous samples the inner tissue has a larger impact
on the acquired permittivity. Furthermore, the simulations demonstrated
that the dielectric contribution of a tissue to the total permittivity is not
only dependent on the spatial distribution of that tissue within the sensing
volume, but also on the dielectric properties of the tissues.

While the findings presented in this subsection may seem obvious from
an EM perspective [181], studies in the literature have regularly assumed
equal dielectric contribution from all tissues within the sensing volume,
when associating the acquired dielectric signal to the tissue composition of
the interrogated sample [10]–[12], [15]. Therefore, this set of experiments
demonstrate that the assumption of tissue dielectric contribution being
proportional to the volume occupied by the tissue could be a significant
source of error in the interpretation of dielectric data from heterogeneous
biological samples.

5.3.3 Modelling of the individual tissue dielectric
contribution within radially heterogeneous
samples

In this subsection, the dielectric contribution of side-by-side and concentric
samples is modelled for a subset of tissues, and then reported in terms of
relative permittivity, as discussed at the end of Section 5.2.2.

Firstly, the data modelling the dielectric contribution of side-by-side
tissues is reported. Then, the models regarding the dielectric contribution
of concentric tissues are discussed.

5.3.3.1 Modelling of the dielectric contribution of tissues in
linear heterogeneity configuration

The dielectric traces obtained from the simulations (described at the end of
Section 5.2.2) performed on Sample S2 in linear configuration are illustrated
in Fig. 5.16. In the legend of Fig. 5.16, the distances of the probe from
the tissue interface are reported by considering the distances as negative
when the probe was mostly in contact with the left tissue (fat), and positive
when the probe was mostly in contact with the right tissue (muscle). As is
clear from Fig. 5.16, as the probe location from the tissue interface becomes
closer to +1.1 mm, the traces tend to the one of muscle. Furthermore, since,
the traces reported in Fig. 5.16 are symmetric with respect to the trace of
the fat-muscle interface, this trend indicates that the two tissues have equal
contribution to the dielectric signal.
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Figure 5.16: Relative permittivity traces obtained from simulations conducted on
Sample S2 in linear configuration. Each trace corresponds to a specific location of the
centre of the probe with respect to the tissue interface, which is indicated in the legend.
Specifically, the distances are negative when the probe was mostly in contact with the
left tissue (fat), and positive when the probe was mostly in contact with the right tissue
(muscle). The reported traces are symmetric with respect to the trace of the fat-muscle
interface, thus indicating that the two tissues have equal contribution to the dielectric
signal.

In order to calculate the dielectric weights of the two tissues constituting
Sample S2, Eq. (5.6) and Eq. (5.7) were applied to single frequency data
obtained from the traces of Fig. 5.16. As a result, the dielectric weights
of muscle (Tissue 2, on the right) of Sample S2 in linear configuration
obtained at the single frequencies of 2 GHz and 6 GHz are illustrated in
Fig. 5.17, in blue and in red, respectively, as a function of the probe distance
from the tissue interface. The dielectric weights obtained at 2 GHz are
approximately equivalent to the dielectric weights obtained at 6 GHz. Thus
the two Richards functions fitting the two sets of data, at 2 GHz and 6 GHz,
overlap. As a result, only one function was considered to fit the single
frequency dielectric weights of muscle as follows:

wm,T2 =
1

(1 + 0.428e−5.646r)
1

0.515

, (5.10)

where wm,T2 is the dielectric weight of muscle for Sample S2 and r is the
radial distance of the probe from the tissue interface.
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Figure 5.17: Dielectric weights of muscle (Tissue 2, on the right) for Sample S2 in
linear configuration obtained at the single frequencies of 2 GHz and 6 GHz as a function
of the probe distance from the tissue interface. The dielectric weights obtained at 2 GHz
(indicated in blue) are approximately equivalent to the dielectric weights obtained at
6 GHz (indicated in red). Due to the fact that the two Richards functions fitting the
two sets of data, at 2 GHz and 6 GHz, overlap, the dielectric weight can be generally
represented by the function expressed in Eq. (5.10).

The above function ensured an accurate fitting with a RMSE of 0.011
and is valid for any single frequency between 2-6 GHz. Furthermore, such
function can be used to model all of the tissues in linear configuration,
since the same dielectric weights were obtained across all six simulated
side-by-side samples. Thus, this set of numerical results confirm that the
dielectric contribution of side-by-side tissues does not depend on the dielectric
properties of the tissues constituting the interrogated sample.

5.3.3.2 Modelling of the dielectric contribution of tissues in
concentric heterogeneity configuration

The dielectric traces obtained from the simulations performed on Samples
S1 and S2 in concentric configuration (described at the end of Section 5.2.2)
are illustrated in Fig. 5.18. Samples S1 and S2 consist of the same two
tissues, muscle and fat, but with swapped location. The corresponding
results are presented in Fig. 5.18, in order to highlight the importance of
considering the location of the tissue while interpreting the dielectric data
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acquired from concentric tissues, as discussed in the previous subsection. In
the legend of the two plots of Fig. 5.18, the radius of the inner tissue, to
which each trace corresponds, are reported. In both plots of Fig. 5.18, as
the radius of the inner tissue increases, the traces tend to that of the inner
tissue. However, for both plots, most of the traces are closer to the trace of
the inner tissue than that of the outer tissue, indicating that the inner tissue
has greater dielectric impact on the acquired dielectric signal than the outer
tissue. Furthermore, by comparing the relative permittivity traces from the
two plots of Fig. 5.18, it can be observed that the traces of Fig. 5.18b tend
to the trace of the inner tissue (fat, in this case) considerably faster than
how the traces of Fig. 5.18a tend to the trace of the inner tissue (muscle,
in this case). In fact, the dielectric trace corresponding to the inner tissue
radius of 0.40 mm (reported with a dark red solid line) is half way between
muscle and fat in Fig. 5.18a but is closer to fat in Fig. 5.18b.

The differences in trend between the two samples are better visualised
in Fig. 5.19, in the plot of the dielectric weights of the inner tissue for the
two samples S1 and S2, calculated according to Eq. (5.6) and Eq. (5.7), and
reported as a function of the inner tissue radius. In particular, in Fig. 5.19,
the two Richards curves fitted to the two sets of data from Sample S1 and
Sample S2 highlight that the dielectric weights of the inner tissue of S2 (fat)
increases faster than the weights of the inner tissue of S1 (muscle), thus
confirming that tissues with a lower permittivity have a greater dielectric
impact than tissues with a higher permittivity, as observed in the previous
section. The parameters of the two Richards curves (illustrated in Fig. 5.19)
are reported in Table 5.5, where the parameters of the models found for all
tissues are summarised.

Furthermore, as for the samples in linear configuration, the dielectric
weights calculated for the concentric samples are consistent across the range
of 2-6 GHz. Thus the dielectric weights and the fitted curves reported in
Fig. 5.19 can be considered for any single frequency between 2-6 GHz.

All fitted curves, each corresponding to a specific sample summarised in
Table 5.5, are plotted in Fig. 5.20 for a general comparison. As is clear from
Fig. 5.20, similarly to the concentric sample couplet S1 and S2, differences in
trends were observed for other concentric sample couplets consisting of tissues
inversely arranged (S3 and S4, and S5 and S6). However, the difference
between the curves of two samples consisting of the same tissues but inversely
arranged diminishes as the contrast in permittivity between the inner and
outer tissues decreases. These findings are consistent with the outcome from
the sensing radius investigation in Chapter 4, which demonstrated that the
sensing radius is smaller for concentrically heterogeneous samples with a low
permittivity inner tissue and with a low contrast in permittivity between the
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(a)

(b)

Figure 5.18: Relative permittivity traces obtained from simulations conducted on (a)
Sample S1 and (b) Sample S2 in concentric configuration. Both samples consists of the
same tissues, fat and muscle, but with swapped location. Specifically, Sample S1 has
muscle as the inner tissue and fat as the outer tissue and Sample S2 has fat as the inner
tissue and muscle as the outer tissue. In both plots, each trace corresponds to a specific
radius of the inner tissue. By comparing the relative permittivity traces from (a) and
(b), it can be observed that the traces of (b) tend to the trace of the inner tissue (fat, in
this case) considerably faster than how the traces of (a) tend to the trace of the inner
tissue (muscle, in this case). In fact, the dielectric trace corresponding to the inner tissue
radius of 0.40 mm (reported with a dark red solid line) is half way between muscle and
fat in (a) and closer to fat in (b).

189



CHAPTER 5. MATERIAL DIELECTRIC CONTRIBUTION

Figure 5.19: Dielectric weights of muscle (in blue) and fat (in red) for Sample S1
and Sample S2 in concentric configuration, respectively. The dielectric weights and the
corresponding fitted Richards curves (parameters of which are reported in Table 5.5) are
valid for any single frequency between 2-6 GHz. The two Richards curves fitted to the
two sets of data from Sample S1 and Sample S2 highlight that the dielectric weights of
fat increases faster than the weights of muscle, thus confirming that tissues with a lower
permittivity has a greater dielectric impact than tissues with a higher permittivity.

Table 5.5: Best fit parameters and root mean square error for the dielectric weights of
the inner tissue for all six concentric samples S1-S6.

S a b c d RMSE
S1 1 5.130e-5 4.500 1.140e-5 0.023
S2 1 7.440 23.040 0.320 0.023
S3 1 -0.100 5.385 -0.021 0.023
S4 1 0.5293 9.791 0.052 0.023
S5 1 -0.100 6.912 -0.017 0.025
S6 1 0.757 9.721 0.075 0.025

inner and the outer tissues (compared to the concentrically heterogeneous
samples with a high permittivity inner tissue and with a high contrast in
permittivity between the inner and the outer tissues).

Notably, for all scenarios, the sensing radius was always within the probe
radius. In fact, when the radius of the inner tissue is equivalent to the probe
radius (1.1 mm), the contribution weight of the inner tissue is approximately
equal to 1. This result further confirms the experimental and numerical
outcome of the sensing radius investigation in Chapter 4.

In summary, the experimental and numerical investigation discussed in
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Figure 5.20: Model weights for the inner tissue obtained for all concentric samples, for
frequencies between 2 and 6 GHz. The dielectric weights of the inner tissues are modelled
with Richards curves, with corresponding parameters provided in Table 5.5.

this section demonstrated that the material distribution within the sens-
ing volume greatly impacts how the materials contribute to the dielectric
measurement. In fact, side-by-side material dielectric contribution is propor-
tional to the volume occupied by the material within the sensing volume and
does not depend on the material permittivity. Conversely, in concentrically
arranged materials, the inner material contributes dominantly, especially if
the material has low permittivity.

This outcome is particularly noteworthy, since in all known dielectric
studies [10]–[12], [15], the contribution of a constituent tissue to the dielec-
tric properties has always been assumed equivalent to the percent volume
occupied by that tissue, regardless of the spatial distribution of the tissues.
This outcome highlights the necessity of quantitatively estimating the dielec-
tric contribution of each constituent tissue based on the tissue permittivity
and spatial distribution within the sensing volume, when correlating the
acquired dielectric data to the histology of the interrogated heterogeneous
biological sample. To this extent, preliminary simulations similar to the
those performed in this chapter are recommended to be performed before
correlating the acquired dielectric data to the histology of the interrogated
heterogeneous biological sample.

It is of note that the quantitative results obtained from this investigation
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can be used only for radially heterogeneous tissues with the linear and
concentric structures examined in this chapter. Hence, for an accurate
dielectric characterisation of heterogeneous tissues with a more complex
structure, further investigation is needed.

Lastly, although the general outcome of this investigation can be extended
to any type of probe, the quantitative findings obtained for the slim form
probe cannot be generalised to other probes. In fact, the sensing radius
significantly depends on the probe design, e.g., the size of the inner conductor,
the insulator, and the outer conductor, as demonstrated in Chapter 4.

5.4 Summary

For an accurate dielectric characterisation of highly heterogeneous biologi-
cal tissues, which involves a rigorous correspondence between the acquired
dielectric data and the histology of the sample, knowledge of the sensing
volume needs to be accompanied by knowledge of the dielectric contribution
of each tissue constituting the sensing volume. In past studies, the dielec-
tric contribution of layered materials within the sensing depth has been
thoroughly examined. Conversely, there are no quantitative studies in the
literature investigating the dielectric contribution of radially heterogeneous
materials within the sensing radius.

To this extent, this chapter presented both dielectric measurements
and numerical simulations performed on several well-controlled radially
heterogeneous samples. Specifically, in order to examine the dependence
of the dielectric contribution on the material distribution and dielectric
properties, two different radially heterogeneous samples were investigated in
this chapter:
• Samples with linear heterogeneity configuration, consisting of two

side-by-side tissue-mimicking materials and biological tissues spanning
a wide range of permittivity;
• Samples with concentric heterogeneity configuration, consisting of two

concentric tissue-mimicking materials and biological tissues spanning
a wide range of permittivity.

Both measurements and simulations conducted on the above samples
confirmed that the material dielectric contribution depends on the spatial
distribution of the constituent materials. In particular, the following two
findings were observed:
• Dielectric properties measured on two side-by-side materials are pro-

portional to the volume occupied by each constituent material and do
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not depend on the individual dielectric properties of each constituent
material;
• Dielectric properties measured on two concentric materials are not

proportional to the volume occupied by each constituent material
and depend on the individual dielectric properties of each constituent
material.

For instance, within concentrically heterogeneous samples, the inner
material has a significantly higher impact, up to 50% higher than the
outer material, on the measured dielectric properties, especially if the inner
material has lower permittivity.

From these results, it is clear that the weights for dielectric contribu-
tion do not always correspond to the volume occupied by the constituent
materials. Therefore, for samples with concentric heterogeneities, making
the assumption that the tissue dielectric contribution is proportional to
the volume occupied by each tissue within the sensing volume can lead to
significant errors.

Hence, in order to support the interpretation of dielectric data from side-
by-side and concentrically heterogeneous biological samples, the dielectric
data obtained numerically from a subset of biological tissues was modelled.
These developed models enable prediction of the dielectric properties of a
sample from a priori information regarding the radius occupied by each
constituent tissue, and the dielectric properties of each individual tissue
constituting the sample. While one general model was found to be capable of
predicting the dielectric data of any sample consisting of side-by-side tissues,
a specific model for each scenario was found to be necessary for concentric
samples. Thus, the models developed for concentrically heterogeneous
samples can be used to predict the dielectric data of only a subset of
concentric samples, which have specific dielectric properties, already known
from the literature.

Overall, this investigation enables prediction of the dielectric contribution
of tissues within the sensing radius. Knowledge of the dielectric contribution
of tissues within the interrogated sample supports the interpretation of the
dielectric properties measured from heterogeneous tissues. The significance
of this investigation, associated with the sensing radius estimation, is demon-
strated in the following chapter, where the dielectric data acquired from a
subset of biological samples are interpreted with the support of histological
analysis.
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Chapter 6

Examination of
post-measurement histology for
heterogeneous biological tissues

Throughout the previous chapters of this thesis, the importance of con-
ducting post-measurement histological analysis for an accurate dielectric
characterisation of heterogeneous biological samples has been discussed. In
particular, in Chapter 4 and Chapter 5, it was confirmed that errors in cor-
relating the dielectric properties with the sample histology (i.e., the sample
tissue content) can be attributed to erroneous estimation of the sensing
radius or erroneous assumptions related to the dielectric contribution of
individual tissues. Thus, in this chapter, the significance of the findings
of the previous chapters (i.e., the impact of erroneous estimation of both
the sensing radius and the tissue dielectric contribution) is investigated by
conducting post-measurement histology on a set of radially heterogeneous
tissue samples. As detailed in Chapter 3, histology can be affected by a
number of confounders that can be only partially minimised. To this extent,
this chapter also reports the challenges in the post-measurement histology
process, and potential methods to address these challenges. In this chapter,
the term “histology” is used, not only to define the study of the microscopic
structure of cells and tissues, but also to define the process of differentiating
the tissue types within a sample. In particular, in this chapter, two types
of histology are presented: the microscope-based histology, or traditional
histology, and the microCT-based histology.

In Section 6.1, the methodology of the study is described. Specifically,
the choice of tissue samples is motivated in Section 6.1.1. The protocols for
the dielectric measurement and traditional histology are detailed in Section
6.1.2 and Section 6.1.3, respectively. Finally, the methodology of microCT as
an alternative histology technique to support the dielectric characterisation
of biological tissues is described in Section 6.1.4.

In Section 6.2, the results from the dielectric measurements are discussed
with the support of traditional histology and microCT. Firstly, Section 6.2.1
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presents the challenges and limitations of traditional histology. Secondly,
in Section 6.2.2, the results from traditional histology are reported and
associated with the measured dielectric data. Specifically, the dielectric and
histology data from key types of tissue samples is used to validate the sensing
radius and dielectric contribution findings (from Chapter 4 and Chapter 5).
Due to the invasive and time-consuming process of traditional histology, the
feasibility of using microCT as an alternative to traditional histology is then
evaluated in Section 6.2.3. Next, the applicability of the sensing radius and
dielectric contribution findings for the dielectric characterisation of highly
heterogeneous tissue samples is evaluated through both traditional histology
and microCT-based histology in Section 6.2.4. Finally, the outcome of the
analysis is summarised in Section 6.3.

6.1 Methodology

This section describes the methodology used to validate the significance
of the sensing radius and dielectric contribution findings (from Chapter 4
and Chapter 5) for the dielectric characterisation of radially heterogeneous
biological samples and to verify the generalisability of these findings to
highly heterogeneous samples. Specifically, the methodology consists of
dielectrically characterising a set of either radially or highly heterogeneous
biological samples with the support of post-measurement traditional histol-
ogy and/or microCT-based histology. To this extent, Section 6.1.1 motivates
the choice of a set of heterogeneous tissue samples, Section 6.1.2 details the
dielectric measurement protocol, and Section 6.1.3 details the traditional
histology protocol. Furthermore, Section 6.1.4 presents the methodology
used to evaluate the feasibility of using microCT as an alternative to tradi-
tional histology to support the dielectric characterisation of heterogeneous
biological samples.

6.1.1 Choice of heterogeneous tissue samples

Biological samples presenting simple radial heterogeneities, such as kidney
and muscle with fat inclusions, were selected to validate the significance
of the sensing radius and dielectric contribution findings of Chapter 4 and
Chapter 5. Most of these samples underwent post-measurement traditional
histology and a subset of samples underwent microCT-based histology. The
details of the various samples are provided in the next paragraphs.

In particular, ten samples were selected as representative radially hetero-
geneous samples to be analysed by post-measurement traditional histology.
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Figure 6.1: Example of ovine kidney sample, where the medulla region is easily distin-
guishable from the cortex region.

Figure 6.2: Example of porcine muscle sample, where the fat tissue is easily distinguish-
able from the muscle tissue.

The ten samples consisted of: three samples of ovine kidney, two samples
of ovine muscle (with fat inclusions), and five samples of porcine muscle
(with fat inclusions). All of the samples were obtained from a local butcher.
Changes in the tissue morphology due to temperature variations and tissue
dehydration were recorded during the measurement process and taken into
account when interpreting the acquired dielectric data. While the three
ovine kidney samples had consistent structures with defined cortex and
medulla regions, like the sample illustrated in Fig. 6.1, the two ovine and the
five porcine muscle samples showed varying structure. An example of the
heterogeneity of ovine and porcine muscle samples is reported in Fig. 6.2.

Furthermore, two samples, i.e., rodent kidney and ovine muscle, were
selected to perform preliminary experiments with microCT as a histology
method. Specifically, the two samples were scanned to verify the applicability
of microCT in distinguishing individual tissues within radially heterogeneous
samples. The rodent kidney was from a laboratory mouse, while the ovine
muscle was obtained from a local butcher.
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Figure 6.3: Mammary fat pad sample, where the fat tissue region is easily distinguishable
from the cancerous region.

Lastly, a sample of mammary fat pad was selected to verify the applica-
bility of the findings from Chapter 4 and Chapter 5 to highly heterogeneous
samples (due to the fact that the mammary fat pad presents a highly com-
plex structure). The mammary fat pad was excised from a rodent, in which
human breast cancerous tissue had been injected into the mammary fat
tissue and allowed to grow. A picture of the mammary fat pad is reported
in Fig. 6.3.

In summary, three subsets of samples were analysed in three different
studies, each having a different aim: validating the experimental findings
in Chapter 4 and Chapter 5 (by post-measurement histological analysis of
radially heterogeneous samples), evaluating microCT as a histology technique
to overcome the challenges of traditional histology (by scanning a subset
of radially heterogeneous samples), and validating the applicability of the
experimental findings in Chapter 4 and Chapter 5 to highly heterogeneous
samples (through both post-measurement traditional histology and microCT-
based histology). The three studies and the corresponding investigated tissue
samples are summarised in Table 6.1.

6.1.2 Dielectric measurement protocol

Dielectric experiments were performed with the Keysight slim form probe
connected to the Agilent E8362B VNA across the MW range of 2-6 GHz.
The slim form probe and the measurement frequency range of 2-6 GHz were
selected for consistency with the experiments detailed in Chapter 4 and
Chapter 5.

For each dielectric experiment, the measurement settings detailed in
Chapter 4 were used. Thus, 21 frequency points were selected for consistency
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Table 6.1: Summary of the tissue samples analysed in three different studies, each
having a different aim.

Study Aim Tissue samples

1st Study

Validating the experimental findings
in Chapter 4 and Chapter 5 by post-
measurement histological analysis of
radially heterogeneous samples

•3 samples of ovine kidney;
•2 samples of ovine muscle
(with fat inclusions);
•5 samples of porcine muscle
(with fat inclusions).

2nd Study

Evaluating microCT as a histology
technique to overcome the challenges
of traditional histology with radially
heterogeneous samples

•1 sample of rodent kidney;
•1 sample of ovine muscle.

3rd Study

Evaluating the applicability of the ex-
perimental findings in Chapter 4 and
Chapter 5 to highly heterogeneous
through both post-measurement tra-
ditional histology and microCT-based
histology

•1 sample of mammary fat pad

with the previous experiments and findings. Furthermore, the same mea-
surement procedure was followed as used in the experiments of Chapter 4
and Chapter 5. Thus, before each measurement set, the system was cali-
brated and validated, and it was ensured that the measurement uncertainty
was consistently within the values reported in Section 4.2.1 (i.e., 2.4% for
relative permittivity and 4.6% for conductivity). Prior to measurements,
tissue samples were kept in cling film. In this way, tissue dehydration was
minimised by limiting the exposure of each sample to air. During tissue
measurements, each sample was brought to the probe tip using a lift table,
a firm contact between the probe and the tissue was kept, excess blood on
the surface of the sample was removed using cotton swabs, and the tissue
temperature was measured with an infrared thermometer. Furthermore,
between each measurement, the probe was cleaned with an alcohol wipe in
order to avoid contamination.

Dielectric experiments were conducted on the samples listed in the
previous subsection. Specifically, measurements conducted on ovine/rodent
kidney covered three regions of the sample: the homogeneous cortex region,
the homogeneous medulla region and the radially heterogeneous region at
the cortex/medulla interface. Measurements conducted on porcine and
ovine muscle covered multiple regions of the sample, generally, consisting
of: homogeneous muscle, homogeneous fat, radially heterogeneous regions
with side-by-side or concentric muscle and fat. Finally, measurements of the
mammary fat pad involved various heterogeneous regions mostly consisting
of fat, mostly consisting of cancerous tissue, and consisting of a mixture of
fat and cancerous tissue.

After conducting the measurements, the measurement sites were marked
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Figure 6.4: Post-measurement marking on an ovine kidney sample for identifying the
measurement sites during the histological analysis.

with a histology marker and then prepared for sample processing. Fig. 6.4
shows the marked measurement sites on an ovine kidney sample.

After marking the measurement sites, the samples underwent the his-
tology steps summarised in Section 3.3.2 and detailed in the following
subsection.

6.1.3 Traditional histology protocol

The protocol designed for post-measurement traditional histology consists
of the following six steps:

1. Fixation;
2. Processing;
3. Embedding;
4. Slicing;
5. Staining;
6. Imaging.
Each step is discussed, in turn, below. Labelling was essential to ensur-

ing that the samples and measurement sites could be uniquely identified
throughout each step of the traditional histology protocol. Furthermore,
due to the fact that parts of the histological process can cause shrinkage
and deformation of the tissue samples [175], a subset of five samples were
measured with a calliper before and after the steps of fixation and processing
in order to monitor the change in size of the samples. Monitoring of the
change in size of the sample supports identification of the measurement sites
on the histology slides in order to find an accurate correspondence between
measured dielectric data and histological content.

Fixation is the first step conducted to preserve the histology of the tissue
sample. Fixation was performed by immersing the sample into a 10% w/v
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Figure 6.5: Sample illustrated in Fig. 6.4 after undergoing fixation in 10% w/v formalin
solution. Two green stitches can be observed beside the measurement sites across the
heterogeneous regions of the sample. The stitches were not inserted over the measurement
sites in order to avoid tissue damage in the region of interest. Furthermore, the sample is
placed into a cassette to be inserted into the tissue processor. The cassette was labelled
with the unique identifier, i.e. LK7M 26-11, written in the pencil since graphite is resistant
to all chemicals used by the tissue processor.

formalin solution. Specifically, in order to find the fixation time able to
guarantee an adequate staining, samples were kept in formalin solution
for different times ranging from 48 hours to 12 days. The fixation times
were selected based on the results found in the literature [175]. In fact,
histology studies found 48 hours to be an appropriate time for fixation, and
over-fixation to provide better staining than under-fixation [175].

Either before or after fixation, the samples were cut in order to be fitted
into the cassettes used by the Thermo Scientific Excelsior tissue processor.
Furthermore, preliminary histology experiments showed that the marks on
samples with a glossy texture (like kidney) were not resistant to sample
processing. For this reason, in order to avoid exclusion of the samples (as in
the study performed by Lazebnik et al. [10], [11]), the measurement sites
across heterogeneous sample regions of the kidney samples were further
marked with stitches. An example of the stitches being used for marking is
reported in Fig. 6.5. The sample in Fig. 6.5 is the same sample reported
in Fig. 6.4. Specifically, two green stitches can be observed beside the
measurement sites across the heterogeneous regions of the sample. The
stitches were not inserted over the measurement sites in order to avoid tissue
damage. The distances between the stitches and the marked measurement
sites were recorded at this stage and also after the tissue processing.

Once the fixed samples were placed into the cassettes, the tissue processor
was operated. The tissue processor preserves the histological content of
the samples, before the embedding in paraffin wax. Specifically, the tissue
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processor dehydrated the samples by immersing them in alcohol solutions
having increasing concentration for specific time intervals. Lastly, the
samples were washed out in xylene and then removed from the tissue
processor.

Then, the samples were embedded in paraffin wax by taking into account
the orientation of each sample, so that the measurement sites on each sample
were easily identifiable.

Once the samples were embedded in paraffin blocks, the samples were
sliced with a microtome and then placed on glass slides. The samples were
generally cut in 5 µm thick slices. This thickness allows for clear images of
the slice (when it is being imaged by the microscope), since 5 µm contains
only a single layer of cells. However, for a few samples, thicknesses up to
30 µm were used to obtain slices at specific depths of interest. In order to
facilitate the slicing, the sample within the paraffin block was kept under
0◦C. Furthermore, before performing the slicing, the angle of the blade of
the microtome was set at 6◦ from the plane of the cassette containing the
paraffin block. Then, the slicing was performed slowly and firmly. During
the slicing process, the slices were taken with the support of tweezers and
brushes and placed in a water bath of 35◦C. Next, the slices were placed on
glass slides that were appropriately labelled to keep track of the sequence of
the slices, i.e., to facilitate the association of each slice to a specific depth
of the sample. Further information about the challenges associated with
sample slicing with the microtome are detailed in Section 6.2.1.

Next, the haematoxylin and eosin (H&E) staining was performed. This
type of staining was selected since it is easy to perform and enables differen-
tiating tissues based on the cell structure, since haematoxylin binds to the
DNA (in the cell nuclei) and eosin to the proteins (in the cell cytoplasm) [175].
Since the H&E staining is effective only on hydrated samples, the slides were
ordered in sequence in a rack, immersed in xylene to remove the paraffin,
and re-hydrated in alcohol solutions with decreasing concentrations. Then,
the rack was immersed in DI water and the H&E staining was performed.
The H&E staining consisted of immersing the rack in haematoxylin for
20 seconds, tap water for 10 minutes, 95% ethanol solution for 2 minutes
and then eosin Y for 2 minutes. However, before immersing the rack in
eosin, the slides were checked quickly under the microscope to validate
the haematoxylin staining (i.e., to verify that all of the cell nuclei were
blue). In the case of unsuccessful haematoxylin staining, the procedure was
repeated. In the same way, after performing the eosin staining, the slides
were checked and, in case of unsuccessful eosin staining, the procedure was
repeated. Lastly, the stained slices were dehydrated. The steps of the H&E
staining protocol, from the re-hydration to the post-staining dehydration,
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Figure 6.6: Summary of the H&E staining protocol, consisting of different steps, from
the slice re-hydration to the staining and dehydration.

are summarised in Fig. 6.6.
After the staining, the slides were mounted using the DPX mounting

medium (i.e., a mixture of distyrene, a plasticiser and xylene) between the
slide and the coverslip. Each slide contained one sample slice. The DPX
mounting medium has the same refractive index of glass and, thus, does not
alter the imaging of the histological slices. Once the slides were mounted,
they were left to dry for 24 hours at room temperature.

Finally, the slides were imaged with the Olympus VS120 digital slide
scanner using from 50 to 100 focal points for each slice. Lastly, the slides
were analysed with Olyvia (version 2.9.1) and Image J. The results of the
histological analysis are discussed in Section 6.2.1 and Section 6.2.2.

6.1.4 MicroCT protocol

MicroCT is an imaging technique that uses X-rays to provide 2D or 3D
cross-sectional views of the interior of a biological sample with a resolution
higher than 5 µm in each spatial dimension [198]–[200]. MicroCT consists
of an X-ray source, a filter, a sample holder containing the sample (making
complete rotations of 360◦), an array of detectors and a post-processing unit.
Generally, the filtered X-ray beam hits the sample, which attenuates the
signal. Then, the attenuated signal acquired by the detectors is processed
to reconstruct the images.

MicroCT has been used in the literature for many applications, from
the analysis of the trabecular structure of the bone to the visualisation of
human coronary arteries [198], [200], [201]. In particular, there has been a
growing interest in using microCT as an alternative to traditional histology
in medical imaging and diagnostics, since microCT is non-invasive and less
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time-consuming than traditional histology [198]. In fact, microCT does not
require slicing of the samples and, thus, allows 3D imaging of tissues in a
configuration much closer to their natural condition.

For this reason, in this thesis, preliminary experiments were conducted
to investigate the feasibility of using microCT imaging as a tool to support
the dielectric characterisation of heterogeneous biological samples. Hence,
microCT is investigated in this chapter as an alternative to traditional
histology, in the context of interpreting the dielectric data from heterogeneous
tissue samples.

MicroCT can be used for the analysis of varied tissues, from hard to
soft tissues. No sample pre-processing is required for the imaging of hard
tissue samples, such as bone, due to their high X-ray attenuation. However,
the use of contrast agents is often necessary to enhance the contrast of soft
tissues, due to their low X-ray attenuation [202], [203]. The most commonly
used contrast agents are: Lugol’s iodine, phosphomolybdic acid (PMA),
phosphotungstic acid (PTA), osmium tetroxide (OsO4) [199], [202]–[206].
Among these contrast agents, Lugol’s iodine was selected for the microCT
scans, since this contrast agent is inexpensive, simple, non-toxic and capable
of penetrating rapidly and deeply through a large number of soft tissues [199],
[202]. Furthermore, Lugol’s iodine washes out naturally in 70% ethanol,
thereby allowing the scanned sample to also undergo histological processing.

The staining with the Lugol’s iodine consisted of the following three
steps.

1. The samples were fixed for two days in 10% w/v formalin solution
(this step is in common with the traditional histology procedure).

2. The samples were stored in 70% ethanol solution.
3. The samples were immersed in Lugol’s iodine, consisting of a 2%

potassium iodide (KI) and 1% iodine (I2) aqueous solution, for five days.
This staining time guarantees a complete perfusion of the agent across
the tissues (which is not achieved in under-staining conditions) [203].

Either before or after fixation, the sample regions corresponding to the
measurement sites were separated from the rest of the sample with a biopsy
punch of 5 mm diameter (which is larger than the sensing radius of the slim
form probe). In this way, each sample could fit into the sample holder of
9 mm diameter, which ensured a voxel resolution of 10 µm. In fact, the
smaller the sample (and thus the sample holder), the better the resolution.

Then, after sample pre-processing, the samples immersed in Lugol’s
iodine (for 5 days) were imaged by Scanco µCT100. Before scanning the
samples, the system source was set with a current of 100 µA and a voltage
of 70 kVp, which resulted in the production of a spectrum of X-rays around
the frequency of 1.7 · 1019 Hz. Furthermore, the energy spectrum of the
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X-ray beam was shaped by a 0.5 mm aluminium filter, which enhances the
contrast produced by soft tissues [200].

Lastly, the samples were scanned and the acquired signals were processed
to form a graphical representation of the attenuation distribution within
the object. The image reconstruction was automatically performed by the
built-in software of the microCT scanner. Lastly, the microCT images
were analysed and processed with ImageJ and 3DSlicer. The preliminary
results of the microCT scans are provided in Section 6.2.3. Furthermore, the
microCT scan of the mammary fat pad that underwent traditional histology
(after microCT) is discussed in Section 6.2.4.

6.2 Results and Discussion

This section discusses the correspondence between measured dielectric data
and sample tissue content, both through traditional histology and microCT-
based histology. Specifically, Section 6.2.1 reports the challenges of the
traditional histology process and the methods to address these challenges.
Then, Section 6.2.2 reports the analysis performed to associate the dielectric
data with the sample histological content. This analysis has the aim of
validating the sensing radius and dielectric contribution findings from Chap-
ter 4 and Chapter 5, respectively. Furthermore, Section 6.2.3 discusses the
advantages of performing microCT as an alternative to traditional histology
by reporting the results from the preliminary experiments performed on a
subset of samples. Lastly, Section 6.2.4 presents an analysis of interpreting
the dielectric data acquired from a highly heterogeneous sample through
traditional histology and microCT-based histology. Thus, Section 6.2.4
evaluates the applicability of the sensing radius and dielectric contribu-
tion findings for the dielectric characterisation of heterogeneous samples
presenting complex tissue structures.

6.2.1 Traditional histology process and challenges

This subsection overviews each step of the traditional histology process
conducted on the ten samples as part of the first study (as listed in Table 6.1).
For each traditional histology step, the confounders and the corresponding
methods to reduce the effect of these confounders are reported, with the
aim of improving the accuracy in associating the acquired dielectric data
with the sample histological content.

Firstly, fixation was performed. As is known from the literature, different
fixation times can have different impacts on the quality of the staining and
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Table 6.2: Change in size for a subset of radially heterogeneous samples during traditional
histology, from pre-fixation to post-processing. All samples were fixed for 3 days, except
for Sample PM3 which was fixed for 2 days.

Sample Shape
Pre-fixation size
[mm]

Post-fixation size
[mm]

Post-processing
size [mm]

LK1 Triangular
Base: 15.12
Height: 16.75

Base: 15.21
Height: 16.05

Base: 15.62
Height: 12.68

LK2 Trapezoidal
Bottom base: 13.84
Top base: 9.85
Height: 24.44

Bottom base: 16.02
Top base: 9.50
Height: 26.37

Bottom base: 14.39
Top base: 8.65
Height: 19.54

PM1 Rectangular
Base: 9.68
Height: 8.66

Base: 11.64
Height: 7.62

Base: 10.17
Height: 6.52

PM2 Rectangular
Base: 18.43
Height: 13.42

Base: 19.17
Height: 14.44

Base: 15.19
Height: 13.34

PM3 Rectangular
Base: 16.87
Height: 13.24

Base: 15.76
Height: 15.37

Base: 13.12
Height: 11.35

therefore on the quality of the images at the microscope [175]. However,
among the ten samples that underwent different fixation times (from 2
to 12 days), no notable difference in staining quality was seen for the
purposes of tissue content assessment. Thus, all samples could be analysed
in order to differentiate the different tissue content regions. However, it is
important to note that the histological assessment here was done visually.
For computer-automated methods, precision in the quality of staining may
be more important.

Conversely, a considerable difference in sample size was found across the
steps from fixation to sample processing (prior to embedding). The change
in size was monitored for five samples, and is reported in Table 6.2. Among
those five samples, two samples are ovine kidney and three samples are
porcine muscle. As is clear from the table, the change in size for the ovine
kidney is generally higher than for the porcine muscle. However, for both
sample types, a general small increase in size was recorded between pre-
fixation and post-fixation (for unclear reasons since previous histology studies
recorded a tissue shrinkage in breast tissue samples [207]) and a general
decrease in size was recorded between post-fixation and post-processing (due
to dehydration). This phenomenon is illustrated for a porcine muscle sample
(i.e., Sample PM1 in Table 6.2) in Fig. 6.7.

Furthermore, from Table 6.2, it can be noted that the change in size
is not consistent across samples, but it depends on the sample constituent
tissues and initial shape. Specifically, a higher change in size was observed
for larger samples than for smaller ones, since larger samples tended to need
to be compressed more when inserted into the cassettes. This trend was
the case for Samples LK1, LK2 and PM2, which exhibited from 18% to
25% post-processing shrinkage in one direction as a result of the sample
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(a) (b) (c)

Figure 6.7: Photographs depicting the change in the size of a side of a porcine muscle
sample (Sample PM1 in Table 6.2) through the traditional histology process, from (a)
pre-fixation to (c) post-processing.

compression. Furthermore, a change in size of up to 22% was recorded for
Sample PM3, due to the high fat content. In fact, it was noted that fat
tissue tended to shrink and harden more than muscle tissue in the tissue
processor.

After removing the samples from the tissue processor, it was found that
four samples got damaged either entirely or only on the surface during the
sample processing. This sample damage can be attributed to the fact that
the samples were squeezed when inserted into the cassettes. An example
of damaged sample after the sample processing is shown in Fig. 6.8. At
this stage, only the sample in Fig. 6.8 was excluded, while the other three
samples were further processed, since the damage of these samples involved
only the surface.

No samples were excluded during the embedding. In fact, particular
care was taken in putting the appropriate amount of paraffin wax so that
the sample was moulded firmly into the cassette and the formation of air
bubbles was prevented (in order to facilitate the sample slicing).

After the samples were embedded, the samples were sliced using the
microtome. The slicing of the samples was challenging for fibrous tissue
samples (e.g., muscle samples). In fact, the tissues from fibrous samples
tended to tear and crumble during the slicing. An example of fibrous porcine
muscle slices that were excluded is shown in Fig. 6.9. At this stage, three
ovine and porcine muscle samples were excluded. Furthermore, two ovine
kidney samples were fibrous only across the first 100-200 µm. However, the
ovine kidney samples were not excluded from the analysis, since the samples
were heterogeneous only radially and thus the surface histological content
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Figure 6.8: Ovine muscle sample that was excluded from histology after being damaged
in the tissue processor.

Figure 6.9: Porcine muscle sample that was excluded from histology, since the tissues
constituting the sample were too fibrous and crumbled during slicing with the microtome.

did not contain additional information.
Up to this stage, four out of the ten samples had to be excluded (as

discussed above), thus leaving six samples for further analysis. For each of
the remaining six samples that underwent traditional histology, five to ten
slides were analysed in order to verify that the samples were heterogeneous
only across the radial extent (and not across the longitudinal extent). Hence,
a subset of slices (for each sample that underwent all of the traditional
histology process) were imaged by the digital scanner and analysed to
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validate the sensing radius and dielectric contribution findings of Chapter 4
and Chapter 5, respectively.

Furthermore, the highly heterogeneous mammary fat pad was analysed
histologically after the microCT scan. Despite the high heterogeneity of
the mammary fat pad, fewer than ten slides of this sample were analysed
due to the computational cost required to scan the entire sample. Both
the microCT and traditional histology images of the mammary fat pad are
presented in Section 6.2.4, after discussing the traditional histology results
in combination with the measured dielectric data in Section 6.2.2 and after
showing the feasibility of using microCT as an alternative to traditional
histology in Section 6.2.3.

6.2.2 Dielectric characterisation of radially
heterogeneous samples through traditional
histology

This subsection presents the dielectric data obtained from a subset of samples
that underwent post-measurement histological analysis, with the aim of
validating the sensing radius and dielectric contribution findings of Chapter 4
and Chapter 5. Thus, in this subsection, the results from the first study (as
detailed in Table 6.1) are discussed.

6.2.2.1 Validation of sensing radius findings

In order to validate the sensing radius findings of Chapter 4, the histological
information and the corresponding dielectric data from a subset of radially
heterogeneous biological samples are presented below. Specifically, Fig. 6.10
shows the histology of Sample PM1 previously reported in Table 6.2 and
illustrated in Fig. 6.7. In order to facilitate the association of the dielectric
data with the histological tissue content, post-fixation and post-processing
sample pictures are reported together with a sample slice imaged with the
microscope. Fig. 6.10a presents the five marked measurement sites, which
are still visible (although faded) in Fig. 6.10b. Among the five measurement
sites, one point was from muscle, two points from fat, and two points from
two concentrically heterogeneous regions. The two fat measurement sites
are from a smaller region (approximately as large as the probe) and a larger
region (two-three times larger than the probe), which were considered for
the validation of the sensing radius findings. Furthermore, Fig. 6.10c reports
the 5 µm slice obtained at the depth of 0.3 mm, where fat tissue (which
appears in white since the H&E staining cannot perfuse through hydrophobic
tissues) can be distinguished from muscle tissue (which is represented in
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(a) (b) (c)

Figure 6.10: (a) Post-fixation picture, (b) post-processing picture and (c) 5 µm thick
histological slice of Sample PM1 (reported in Table 6.2) used to support the dielectric
data acquired to validate the sensing radius findings of Chapter 4. The five marked
measurement sites in (a) are faded in (b). Among the five measurement sites, one is
from muscle, two from fat (from smaller and larger regions), and two from concentrically
heterogeneous regions. The slice in (c) was obtained at the depth of 0.3 mm and is
representative of the whole sample consisting of muscle tissue (which appears in pink
due to the eosin staining) and fat tissue (which appears in white since the H&E staining
cannot perfuse through hydrophobic tissues).

pink due to the eosin staining). The slice in Fig. 6.10c is representative
of the whole sample, since slices at depths higher than 0.3 mm presented
similar histological features (slices at depths lower than 0.3 mm were very
fibrous and crumbly, thus not suitable for staining).

Fig. 6.10c also reports the size of the sample, which is 11 mm long and 7.5
mm wide. These dimensions are comparable with the dimensions reported
in Table 6.2, thus suggesting that the sample was appropriately sliced (i.e.,
that the correct orientation was maintained through sample embedding and
slicing). However, although a less than 8% difference in size was found for
this sample between pre-fixation and post-processing (as reported in Table
6.2), a shrinkage above 50% was found for fat tissue. In fact, while the small
fat region had a diameter of approximately 2.2 mm (which is the diameter
of the probe) before fixation, a diameter of 1 mm was measured for the same
region after sample processing. An imaged slice for the small fat region is
highlighted and compared with the pre-fixation size in Fig. 6.11.

In addition, the dielectric traces from the muscle and fat regions of
Sample PM1 are reported in Fig. 6.12 in terms of relative permittivity and
conductivity. In Fig. 6.12, the muscle and fat reference data by Gabriel et
al. [46] are also plotted.
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Figure 6.11: 5 µm thick histological slice of Sample PM1 used to support the dielectric
data acquired to validate the sensing radius findings of Chapter 4. On the histological
slice, the change in size of the small fat region is highlighted. Specifically, before fixation,
the small fat region had a diameter of approximately 2.2 mm (which is the diameter of
the probe). After processing, the diameter of the same region was 1 mm. This change in
size suggests a fat tissue shrinkage of approximately 50%.

The difference between measured and reference relative permittivity
data was approximately 20% for both muscle and fat. A smaller difference
in conductivity was found between measured and reference data, which
was approximately 5% for fat and 10% for muscle. Such differences in
permittivity and conductivity, which were consistent across all the porcine
samples, can be attributed to biological variability between and within
animals, different tissue handling procedures and temperature variations.
In fact, while the data by Gabriel et al. [46] is from freshly excised bovine
muscle and fat samples, the data in this study is from porcine samples
obtained from a butcher (not freshly excised).

Furthermore, the data from the smaller homogeneous fat region (within
muscle) is comparable with the data from the larger homogeneous fat
region. In fact, differences of less than 1% and 5% was found between the
dielectric traces of the large and small regions, for relative permittivity and
conductivity, respectively. Such differences are within the tissue measurement
uncertainty. Therefore, the muscle surrounding the small fat region did not
have any dielectric impact on the measurement. Hence, the measurements
of Sample PM1 reported in Fig. 6.12 confirmed the sensing radius findings,
demonstrating that, within regions larger than the sensing radius calculated
numerically (which is 0.9 mm for fat), only the dielectric properties of the
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(a) (b)

Figure 6.12: (a) Relative permittivity and (b) conductivity traces from three measure-
ments performed on Sample PM1 to validate the sensing radius findings of Chapter 4.
Among the three measurements, one measurement was performed on muscle, one mea-
surement on a larger fat region (approximately two-three times larger than the probe)
and one measurement on a smaller fat region (approximately as large as the probe). A
difference of less than 5% was found between the measurements performed on the two fat
regions, thus suggesting that the sensing radius for fat is within the size of the probe. In
addition, in both (a) and (b), the bovine muscle and fat data by Gabriel et al. [46] is
reported. Consistent differences of approximately 20% were found between measurement
and reference relative permittivity data, which can be attributed to biological variabil-
ity between and within animals, different tissue handling procedures and temperature
variations.

tissue of interest are actually measured.
The sensing radius findings were then confirmed by the measurements

on Sample PM1. However, if the histology alone was considered without
taking into account the above 50% fat shrinkage, the results would have
been inaccurate. In fact, if the fat tissue shrinkage was not monitored and
taken into account, the slice in Fig. 6.11 would have led to the outcome
that the sensing radius of the slim form probe for fat is 0.5 mm, half the
diameter of the fat smaller region highlighted in Fig. 6.11, and just over half
of the actual sensing radius.

Furthermore, the histological analysis supported the interpretation of the
dielectric data from kidney samples, such as the sample reported in Fig. 6.13.
A post-fixation sample picture is reported in Fig. 6.13, together with the
corresponding 5 µm thick histological slice. Four marked measurement sites
can be observed on the kidney sample in Fig. 6.13a: one faded measurement
mark on the medulla and three measurement marks on the cortex. Among
the three measurement sites on the cortex, the point that is less than 1
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(a) (b)

Figure 6.13: (a) Post-fixation picture and (b) 5 µm thick histological slice of a kidney
sample used to support the dielectric data acquired to validate the sensing radius findings
of Chapter 4. Four measurement sites are marked in (a): one faded on the medulla and
three on the cortex. Among the three measurement sites on the cortex, the point that is
less than 1 mm distant from the medulla was further marked with a green stitch, which
is highlighted in (a). The extremities of the green stitch can be observed in (b) on the 5
µm histology slice that was obtained at the depth of 0.1 mm. This slice is representative
of the whole sample, which was confirmed to have only radial heterogeneities. In (b), the
medulla (which appears in the top right portion of the image) is not easily distinguishable
from the cortex.

mm distant from the medulla was further marked with a green stitch. The
extremities of the green stitch can be observed in Fig. 6.13b on the 5 µm
histology slice. The illustrated slice is representative of the whole sample,
which was found to have only radial heterogeneity. In Fig. 6.13b, the medulla
and the cortex appear similar and are not easily distinguishable.

In order to facilitate the correspondence between dielectric data and his-
tological information, the medulla and the measurement point marked with
the stitch are further highlighted in Fig. 6.14. Specifically, the measurement
point was identified by considering the location of the probe (which has a
diameter of 2.2 mm) and the distance of the measurement point from the
stitch.

The corresponding dielectric traces of the measurement sites illustrated
in Fig. 6.13 are reported in Fig. 6.15 together with the reference data from
Salahuddin et al. [133].

The measured data is comparable with the reference data. In fact, a
difference of approximately 1% between the measured data and the reference
data was found for medulla, for both relative permittivity and conductivity
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Figure 6.14: 5 µm histological slice of the kidney sample in Fig. 6.13 used to support
the dielectric data acquired to validate the sensing radius findings of Chapter 4. On
the histological slice, the medulla and the measurement point marked with the stitch
are highlighted, in order to facilitate the correspondence between dielectric data and
histological information. The measurement point was identified by considering the location
of the probe (which has a diameter of 2.2 mm) and the distance of the measurement
point from the stich.

data. Differences of approximately 3% and 5% were found for cortex, in terms
of relative permittivity and conductivity, respectively. These differences are
all within the measurement uncertainty of biological tissues.

Furthermore, the data from the cortex measurement point close to the
medulla overlaps with the average data from the cortex, which confirms that
the sensing radius in cortex is less than 2.1 mm (i.e., the radius of the probe
which is 1.1 mm + the distance of the measurement point from the medulla
which is 1 mm), which is in agreement with the sensing radius findings from
Chapter 4.

6.2.2.2 Validation of dielectric contribution findings

In order to validate the dielectric contribution findings of Chapter 5, the
histological information and the corresponding dielectric data from a subset
of radially heterogeneous biological samples are presented next. Specifically,
Fig. 6.16 shows the histology of Sample LK2 (previously reported in Table
6.2). In order to facilitate the association of the dielectric data with the
histological tissue content, post-fixation and post-processing sample pictures
are reported together with a sample slice imaged with the microscope.
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(a) (b)

Figure 6.15: (a) Relative permittivity and (b) conductivity traces from three measure-
ments performed on the kidney sample in Fig. 6.13 to validate the sensing radius findings
of Chapter 4. Among the three measurements, one measurement was performed on the
medulla, one measurement on the cortex far from the medulla and one measurement on
the cortex close to the medulla. A difference of less than 1% was found between the
measurements performed on the two cortex regions, thus suggesting that the sensing
radius for cortex is within 2.1 mm (i.e., the radius of the probe which is 1.1 mm + the
distance of the measurement point from the medulla which was 1 mm). In addition, in
both (a) and (b), the porcine cortex and medulla data from Salahuddin et al. [133] is
reported. The measurement data is in agreement with the reference data, since only
differences within the tissue measurement uncertainty (less than 5%) were found between
measurement and reference data.

Fig. 6.16a presents four marked measurement sites: one on the medulla, one
at the interface between medulla and cortex, and two on the cortex (one
close to and the other far from the interface). The measurement sites at
and closer to the interface were further marked with green stitches, since
the marks faded away during sample processing, as is clear from Fig. 6.16b.
Furthermore, Fig. 6.16c reports the 10 µm slice obtained at the depth of 0.5
mm. A 10 µm instead of a 5 µm slice is reported, since it enables distinction
between the medulla and cortex because of the additional cell layer present
in the 10 µm slice compared to the 5 µm slice. The slice in Fig. 6.16c is
representative of the whole sample, slices at depths higher than 0.5 mm
presented the same histological features, thus suggesting that the sample
was heterogeneous only radially (slices at depths lower than 0.5 mm were
very fibrous and crumbly, thus not suitable for staining, and not analysed
further).

On the histological slice in Fig. 6.16c, the extremities of the green stitch
marking the measurement point at the interface between the cortex and
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(a) (b) (c)

Figure 6.16: (a) Post-fixation picture, (b) post-processing picture and (c) 10 µm
histological slice of Sample LK2 (reported in Table 6.2) used to support the dielectric
data acquired to validate the dielectric contribution findings of Chapter 5. Among the
four marked measurement sites in (a), two are from the medulla, two from the cortex
(with one point closer to the medulla than the other) and one is at the cortex-medulla
interface. The two measurement sites at/closer to the interface were further marked
with green stitches, since the marks faded away during sample processing, as is clear
in (b). In (c), the extremities of the green stitch marking the measurement point at
the interface between the cortex and medulla are highlighted, since this point is used to
validate the dielectric contribution findings of two side-by-side tissues. The slice in (c) is
representative of the whole sample, which was found to have only radial heterogeneities.
In (c), the 10 µm slice allows for the distinction of the medulla (which appears more blue
than pink) from the cortex (which appears mostly pink).

medulla are highlighted, since this point is used to validate the dielectric
contribution findings of two side-by-side tissues. In order to enhance the
interpretation of the dielectric data from the cortex-medulla interface, the
medulla and the measurement point at the interface (marked with the stitch)
are highlighted on the 10 µm histology slice in Fig. 6.17. Specifically, the
measurement point was identified by considering the location of the probe
(which has a diameter of 2.2 mm) and the distance of the measurement
point from the stitch. Furthermore, Fig. 6.17 reports the dimensions of the
slice as a comparison with the dimensions of Sample LK2 reported in Table
6.2. The dimensions in Fig. 6.17 are the same as the dimensions in Table
6.2, thus suggesting that the sample was appropriately sliced in the desired
orientation.

The dielectric traces of Sample LK2 corresponding to the measurements
on the cortex, medulla and cortex-medulla interface are reported in Fig. 6.17.
For an enhanced interpretation of the dielectric data, Fig. 6.17 reports the
reference data from Salahuddin et al. [133] and the estimated signal at
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Figure 6.17: 10 µm histological slice of Sample LK2 used to support the dielectric data
acquired to validate the dielectric contribution findings of Chapter 5. On the histological
slice, the medulla and the measurement point at the cortex-medulla interface (marked
with the stitch) are highlighted, in order to facilitate the correspondence between dielectric
data and histological information. The measurement point was identified by considering
the location of the probe (which has a diameter of 2.2 mm) and the distance of the
measurement point from the stitch.

the interface obtained by averaging the cortex and medulla signals. The
estimated signal from the average properties is the expected trace based
on the finding that side-by-side tissues contribute equally to a dielectric
measurement, when the probe is centered on the interface between the
tissues, as discussed in Chapter 5.

The measured cortex and medulla data was consistently different from
the reference data by Salahuddin et al. [133] and the data reported previ-
ously in Fig. 6.15, likely due to tissue dehydration, different tissue handling
procedures and temperature variations. Specifically, differences of 9% and
10% were found for the cortex, in terms of relative permittivity and conduc-
tivity, respectively. In addition, differences of 5% and 6% were found for the
cortex, in terms of relative permittivity and conductivity, respectively. The
dielectric values for the medulla are closer to the reference data than for
the cortex, due to the fact that the cortex regions dehydrate more rapidly
than the medulla region. However, measuring the exact magnitude of the
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(a) (b)

Figure 6.18: (a) Relative permittivity and (b) conductivity traces from three mea-
surements performed on Sample LK2 to validate the findings (in Chapter 5) regarding
the dielectric contribution of side-by-side tissues. Among the three measurements, one
measurement was performed on the medulla, one measurement on the cortex (far from
the medulla) and one measurement at the cortex-medulla interface. The data from the
cortex-medulla interface is comparable with the estimated data obtained by averaging
the data from the cortex and medulla, thus suggesting that the cortex and medulla
had equal dielectric contribution to the dielectric signal acquired at the interface. In
addition, in both (a) and (b), the porcine cortex and medulla data from Salahuddin et
al. [133] is reported. The measured cortex and medulla data was consistently different
from the reference data due to tissue dehydration, different tissue handling procedures
and temperature variations.

properties is not the aim of this study, since the actual properties are not as
important as comparing the tissue dielectric contributions.

Furthermore, in Fig. 6.18, the data from the cortex-medulla interface is
comparable with the estimated data obtained by averaging the data from the
cortex and medulla. In fact, less than 1% difference was found between the
two dielectric traces, for both relative permittivity and conductivity, thus
suggesting that the cortex and medulla had equal dielectric contribution
to the dielectric signal acquired at the interface. Hence, with the support
of the histological information summarised in Fig. 6.17, the measurements
of Sample LK2 reported in Fig. 6.18 confirmed the dielectric contribution
findings regarding side-by-side tissues.

In Chapter 5, concentric tissue arrangements were also examined along
with the side-by-side arrangements. However, here, due to the irreversible
shrinkage of fat tissue, the histological analysis was not able to support the
validation of dielectric contribution findings regarding concentric tissues. For
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Figure 6.19: 5 µm histological slice of Sample PM1, where the two concentrically
heterogeneous measurement points are highlighted with the aim of validating the findings
(in Chapter 5) regarding the dielectric contribution of concentric tissues. However, the
morphology of the two concentrically heterogeneous measurement sites changed during
the traditional histology procedure, making the interpretation of the dielectric data in
Fig. 6.20 difficult.

instance, Fig. 6.19 reports a histological slice of Sample PM1 by highlighting
the two concentrically heterogeneous measurement sites. In the histology
image, the fat tissue surrounding the muscle tissue is no longer visible, while
it was clearly present before undergoing histological processing. Therefore,
it was not possible to associate the dielectric traces reported in Fig. 6.20
with the histological information reported in Fig. 6.19. However, the results
in terms of the measured dielectric data relative to the pre-processing
dimensions of the tissue regions are consistent with the findings of Chapter 5.

Due to the limitations of traditional histology as a technique to support
the dielectric characterisation of heterogeneous biological samples, the re-
sults of the preliminary experiments regarding microCT-based histology are
provided in the following subsection.

6.2.3 MicroCT preliminary results

In this subsection, the results from the microCT preliminary experiments
conducted in the second study are discussed, together with the advantages
of microCT over traditional histology. In fact, compared to traditional
histology, the sample pre-processing for microCT is less destructive and
less time-consuming. As a result, the microCT-based histology presents
less confounders than traditional histology. However, microCT has a few
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(a) (b)

Figure 6.20: (a) Relative permittivity and (b) conductivity traces from four mea-
surements performed on Sample PM1 to validate the findings (in Chapter 5) regarding
the dielectric contribution of concentric tissues. Among the four measurements, one
measurement was performed on muscle, one measurement on fat and two measurements
on concentrically heterogeneous tissue consisting of muscle surrounded by concentric fat.
Due to the morphology change of Sample PM1 during traditional histology, it was not
possible to associate the dielectric traces from the concentrically heterogeneous points
with the histological information reported in Fig. 6.19.

confounders in common with traditional histology, since fixation represents
the first step in the sample pre-processing of both the techniques. Thus,
the differences in size between the pre-fixation and post-fixation samples
(which were discussed in Section 6.2.1) also need to be considered during
the analysis of the images obtained by microCT.

The reconstructed images from the preliminary microCT scans (the
second study in Table 6.1) performed on the two samples, ovine muscle and
rodent kidney, are reported in Fig. 6.21 and Fig. 6.22, respectively. For each
sample, only one slice along the z-axis is illustrated, due to the fact that the
two scanned samples presented only radial heterogeneities, and therefore the
other slices do not add further information. In both Fig. 6.21 and Fig. 6.22,
the 1 mm scale is reported to support the interpretation of the images.

From the ovine sample in Fig. 6.21, it is easy to distinguish the muscle
tissue, visualised in white, from the fat tissue, visualised in black, since
Lugol’s iodine is able to perfuse through muscle but not through fat [202].

On the other hand, Fig. 6.22 demonstrates that Lugol’s iodine is able to
perfuse through both the cortex and medulla tissues of the rodent kidney
sample, but to different extents. In particular, the cortex region appears
whiter than the medulla region. In Fig. 6.22, the medulla region is contoured
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Figure 6.21: MicroCT scan obtained at 0.5 µm depth from the surface of an ovine
muscle sample. From the image, it is easy to distinguish the muscle tissue, visualised in
white, from the fat tissue, visualised in black, since the contrast agent (Lugol’s iodine) is
able to perfuse through muscle but not through fat.

by a red solid line for ease of visualisation.
In summary, these preliminary scans demonstrated that high quality

images with a resolution of 10 µm can be obtained by using Lugol’s iodine as
contrast agent for microCT scans of ovine muscle and rodent kidney samples.
Since previous studies found no staining differences among samples from
different animal species [199], these preliminary results can be extended to
muscle and kidney samples from other animal species.

Hence, these preliminary experiments demonstrated the feasibility of
conducting microCT with Lugol’s iodine as contrast agent as an alterna-
tive to traditional histology to support the dielectric characterisation of
heterogeneous biological samples. For this reason, the microCT results are
compared with the traditional histology results in the third study discussed
in the following section.

6.2.4 Dielectric characterisation of a highly
heterogeneous sample through microCT-based
and traditional histology

In this subsection, both the results from microCT-based histology and
traditional histology are used to interpret the dielectric data acquired from
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Figure 6.22: MicroCT scan obtained at 0.5 mm depth from the surface of a rodent
kidney sample. From the image, it is easy to distinguish the cortex region from the
medulla region, since the cortex region is brighter than the medulla region. For ease of
visualisation, the medulla region is contoured by a red solid line.

a mammary fat pad, with the aim of validating the applicability of the
findings of the previous experimental chapters on a highly heterogeneous
biological sample.

As mentioned in Section 6.1.1, the mammary fat pad was dielectrically
characterised by performing dielectric measurements across different points:
three points on a mostly cancerous breast region, three points on a mostly
fatty region and two points at the interface between the two regions. Each
of the tissue regions were indicated by a surgeon specialising in breast
cancer. The measured dielectric data is plotted in Fig. 6.23 together with
the reference data from Lazebnik et al. [11].

In Fig. 6.23, while the average measured cancerous tissue data is close
to the data by Lazebnik et al., the average measured fatty tissue data is
notably different. Specifically, differences within 10% and 6% were found for
cancerous tissue relative permittivity and conductivity data, respectively.
Conversely, differences above 80% were found for the fatty tissue dielectric
data, thus suggesting that the mostly fatty tissue could present inclusions of
cancerous tissue. Also the results from the interface between the cancerous
and fat tissue regions suggest the presence of mostly cancerous tissue within
these regions.

Furthermore, these results were confirmed by microCT and histological
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(a) (b)

Figure 6.23: Relative permittivity and (b) conductivity traces from three measurement
regions of the mammary fat pad, to validate the applicability of the findings of Chapter 4
and Chapter 5 to highly heterogeneous biological samples. The three measurement regions
include a mostly cancerous breast region, a mostly fatty region and two points at the
interface between the two regions. In addition, in both (a) and (b), the human breast
cancerous and fat tissue data from Lazebnik et al. [11] is reported as reference. While
the average measured cancerous tissue data is close to the reference data, the average
measured fatty tissue data is notably different. The considerable differences (above 80%)
between measurement and reference data for the fatty tissue region suggest that the
mostly fatty tissue may have presented inclusions of cancerous tissue.

images obtained for the interface region of the mammary fat pad and
reported in Fig. 6.24 and Fig. 6.25, respectively. In fact, the microCT image
obtained at the depth of 0.3 mm and reported in Fig. 6.24 presents a highly
heterogeneous structure. In the image, it is seen that homogeneous fat,
which appears completely in black (as with the ovine muscle sample in
Fig. 6.21), occupies less than the 1% of the entire volume. Most of the
volume is occupied by a combination of tumour, fat and blood vessels (bright
spots). Similar tissue content was found across all the scans obtained at
different depths.

This outcome is further confirmed by the histology slice obtained at the
depth of approximately 0.3 mm and reported in Fig. 6.25. The contours
of the histological slice appears slightly different from the contours of the
sample imaged by microCT. These changes are due to the orientation of
the sample immersed in Lugol’s iodine that was not parallel to the bottom
of the sample holder during the microCT scan. However, the histological
slice shows the same type of heterogeneity consisting of a combination of
fat, tumour and blood vessels.
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Figure 6.24: MicroCT scan obtained at 0.3 mm depth from the surface of the mammary
fat pad. The heterogeneity visible in the image is representative of that of the whole
sample, and illustrates the tissue structure of the mammary fat pad, which includes a
heterogeneous mixture of tumour, fat and blood vessels (bright spots). The microCT
scan supports the interpretation of the dielectric traces in Fig. 6.23.

Figure 6.25: 5 µm histological slice obtained at 0.3 mm depth from the surface from
the mammary fat pad. Together with the microCT scan in Fig. 6.24, the histological
slice including a heterogeneous mixture of tumour, fat and blood vessels (bright spots),
supports the interpretation of the dielectric traces in Fig. 6.23. The contours of the
histological slice appear slightly different from the contours of the sample imaged by
microCT. These changes are due to the orientation of the sample immersed in Lugol’s
iodine that was not parallel to the bottom of the sample holder during the microCT scan.
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Figure 6.26: 3D reconstruction of the mammary fat pad from the microCT scans (a
2D slice of which is reported in Fig. 6.24). The reconstruction shows that the sample
immersed in Lugol’s iodine during the scan was not parallel to the bottom of the sample
holder. This suggest that the orientation of the scanned sample needs to be taken
into account when associating the measured dielectric data with the tissue structure
reconstructed from the microCT scans.

Thus, both microCT-based histology and traditional histology were able
to provide an extent of the heterogeneity of the sample. However, due to the
highly heterogeneous nature of the sample, it is not possible to accurately
associate the measured dielectric data with the histological content of the
sample. Although microCT allows for the calculation of the percentage of
volume occupied by each tissue, the dielectric contribution of each tissue
cannot be calculated because the relationship between volume occupied by
each tissue and dielectric contribution is not directly proportional (as was
observed in Chapter 5) and, thus, unknown for samples showing complex
structures.

To conclude, although microCT-based histology and traditional histology
were able to provide an extent of the sample heterogeneity, these tools alone
are not sufficient to find an accurate correspondence between dielectric data
and tissue content of highly heterogeneous samples. To this extent, further
studies need to be conducted. These studies may involve 3D reconstruction of
the measured samples, which can be simplified and used to simulate the EM
interaction of the sample with the dielectric probe. These EM simulations
could be used to identify the sensing radius and sensing depth and to model
the dielectric contribution of each tissue within the sensing volume for
accurate dielectric profiling of the measured heterogeneous samples. As an
example, the microCT scans of the mammary fat pad were processed in
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Slicer (version 4.10.1) to reconstruct the 3D structure of the sample, which
is reported in Fig. 6.26. The 3D reconstruction of the mammary fat pad
in Fig. 6.26 shows that the sample immersed in Lugol’s iodine during the
scan was not parallel to the bottom of the sample holder. Samples that are
not parallel to the bottom of the holder can lead to inaccurate association
of the dielectric data with the sample constituent tissues when single slice
analysis is conducted and the different distances of each image corner from
the sample surface is not taken into account. Thus, the 3D reconstructed
structure in Fig. 6.26 suggests that the orientation of the scanned sample
needs to be taken into account when associating the measured dielectric data
with the tissue structure reconstructed from the microCT scans. Further
suggestions regarding future work to be conducted with the aim of improving
the dielectric characterisation of biological tissues are reported in the next
and final chapter of this thesis.

In summary, the results of this section suggest that a customised tradi-
tional histology protocol would be needed for different biological samples
depending on their level of heterogeneity and their constituent tissue types.
For example, for an accurate histological characterisation, different types
of marking need to be considered based on the texture of each sample
constituent tissue. Also, the shrinkage of each sample constituent tissue
needs to be monitored during the traditional histology process and taken
into account when associating the acquired dielectric data with the sample
tissue content. Furthermore, a higher number of slices need to be considered
for an accurate histological profile of highly heterogeneous samples. How-
ever, a high number of histology slices requires a notable burden of time,
computational memory and resources. Furthermore, due to the destructive
nature of traditional histology (e.g., slices tearing and crumbling), a subset
of slices may unavoidably get damaged and the histological information of
a portion of sample can get lost. For these reasons, the use of microCT
to reconstruct the full histological sample profile is strongly recommended
as a tool to improve the dielectric characterisation of highly heterogeneous
biological samples.

6.3 Summary

In this chapter, the significance of the experimental findings summarised in
Chapter 4 and Chapter 5 (i.e., the sensing radius and dielectric contribution
findings) has been demonstrated in the dielectric characterisation of radially
heterogeneous biological samples. In particular, a subset of biological tissue
samples was analysed histologically after the acquisition of the dielectric
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properties.
During the post-measurement histological process, the challenges in as-

sociating the dielectric data with the sample histological information were
identified. For instance, it was found that sample fixation and processing
modify the sample morphology and that the sample processing and slicing
can irreversibly damage the tissues. However, despite the limited histological
information obtained for each sample, three radially heterogeneous samples
were analysed histologically in combination with the acquired dielectric
properties. This analysis partly validated the significance of the sensing
radius and dielectric contribution findings in the dielectric characterisation
of radially heterogeneous tissue samples. The significance of the experimen-
tal findings was not fully validated, because of the histology confounders
compromising the interpretation of the dielectric data. For instance, the
sample processing step caused a tissue shrinkage of above 50% within a
subset of biological samples, which thus compromised the determination of
the sensing radius and the dielectric contribution of the tissues constituting
the sample.

Thus, due to the time-consuming, invasive and destructive process of
traditional histology, microCT was evaluated as a novel histology technique
to support the correspondence between the acquired dielectric data and the
tissue content of a heterogeneous sample. Specifically, a subset of samples
were scanned with microCT, and preliminary results were examined. The
technique was found to be non-destructive, less invasive and less time-
consuming than traditional histology. The only limitation of the technique
involves the sample staining with a contrast agent, which can alter the
morphology of the tissue sample on the basis of the staining time.

Finally, both microCT-based histology and traditional histology were
conducted on a highly heterogeneous tissue sample (the mammary fat pad)
to evaluate the applicability of the sensing radius and dielectric contribution
findings to highly heterogeneous tissue samples. This final analysis high-
lighted the applicability of these findings to radially heterogeneous samples
with simple structures. However, further investigation is needed for accurate
dielectric characterisation of highly heterogeneous samples. To this extent,
Chapter 7 summarises the findings of this thesis and suggests potential
dielectric studies to be conducted with the support of microCT.

226



Chapter 7

Conclusions and future work

This chapter summarises the research objectives and results of this thesis.
The motivation and main findings of this thesis are summarised in Section
7.1. Appropriate future work to develop and extend the findings of this
thesis are presented in Section 7.2, which concludes this thesis.

7.1 Summary and Conclusions

Accurate knowledge of the dielectric properties of biological tissues is crucial
for dosimetry studies and the design and optimisation of new EM diagnostic
and therapeutic systems. In fact, accurate dielectric measurement of biolog-
ical tissues is crucial in achieving high-quality tissue dielectric data, which
can be used for reliable dosimetry calculations and the implementation of
effective EM medical devices. Dielectric measurements of biological tissues
in the MW range may be performed using the transmission line, cavity,
and open-ended coaxial probe techniques. The open-ended coaxial probe
is the most common technique since it is non-destructive and applicable
for both in vivo and ex vivo tissue measurements over a broad frequency
range. Although the dielectric measurement with the open-ended coaxial
probe technique appears straightforward, a number of equipment-related
and tissue-related confounders can affect the measurement procedure, thus
compromising the reliability of the measured dielectric data. To this extent,
numerous studies have been conducted with the aim of developing standard
techniques to compensate for or reduce the effect of equipment-related con-
founders on the measured data. Also, a number of studies have investigated
the effect of tissue-related confounders on the measured dielectric data.
However, standard techniques to address tissue-related confounders have not
been developed, and the impact of many tissue-related confounders remains
unclear. For this reason, tissue-related confounders and sources of error are
often the cause of tissue dielectric data inconsistencies.

This general overview of the state-of-the-art of the dielectric measure-
ment of biological tissues is presented in Chapter 1, which introduces the
motivation for this thesis. Firstly, this thesis reviews all of the measurement
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confounders, with specific focus on tissue-related confounders. Then, since
inconsistencies in dielectric data mostly involve heterogeneous biological
tissues, the confounders associated with tissue heterogeneity are investigated.
Quantitative analyses of various confounders impacting dielectric data from
heterogeneous tissues are the primary contribution of this thesis.

Chapter 2 discusses fundamental background information regarding the
dielectric properties of biological tissues and provides a detailed overview of
the state-of-the-art in the acquisition of dielectric properties of biological
tissues, both in terms of measurement techniques and seminal dielectric
studies. In this chapter, tissue-related confounders such as temperature
variations, unsteady probe-sample contact, sample handling procedures, in
vivo versus ex vivo differences, and sample tissue heterogeneity are identified.
Among these confounders, tissue heterogeneity is the confounder that most
affects the measurement repeatability, and thus leads to inconsistencies in
dielectric data.

Open-ended coaxial probe measurement confounders and com-
mon practices

Chapter 3 discusses tissue-related confounders, focussing on the con-
founders related to tissue heterogeneity. Specifically, Chapter 3 discusses
each step of the open-ended coaxial probe measurement protocol, highlight-
ing common practices, challenges, and techniques for controlling and/or
compensating for confounders. Initially, Chapter 3 discusses the calibration
and validation steps, with the corresponding equipment-related confounders.
Subsequently, the focus is on the sample handling, the actual measurement
procedure and the sample post-processing, with the corresponding tissue-
related confounders. In particular, the last part of the chapter differentiates
the dielectric characterisation of homogeneous biological tissues from the
dielectric characterisation of heterogeneous biological tissues. In fact, while
homogeneous biological samples do not require sample post-processing, post-
measurement histological analysis is generally conducted for heterogeneous
biological samples. Histological analysis of a heterogeneous biological sample
enables identification of the constituent tissue types in the sample that may
have contributed to the acquired dielectric properties, thus facilitating the
association of the acquired dielectric data with the tissue content of the
sample. However, different confounders can affect the histological procedure
and the selection of the portion of the sample (i.e., the histology region) to
examine with the microscope. General confounders (i.e., not tissue-specific)
that can affect the histology procedure include poor fixation, uneven levels
of staining, different procedures of slide digitation, and inconsistent histo-
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logical interpretation and tissue categorisation. Moreover, when selecting
the histology region, factors related to the calculation of the sensing volume
of the probe and the calculation of the dielectric contribution of each tissue
within the sensing volume need to be taken into account for an accurate
interpretation of the acquired dielectric data. The sensing volume and
the tissue dielectric contributions are generally determined by preliminary
experiments and numerical simulations. The calculation of the sensing
volume and the dielectric contribution of each tissue occupying the sensing
volume are not straightforward, since both sensing volume and dielectric
contribution can be sample-specific, i.e., dependent on the characteristics
of the tissue sample. However, in order to simplify the calculation of the
sensing volume and the tissue dielectric contribution within the sensing
volume, it is recommended to consider the maximum sensing volume as the
starting point for the tissue sample dielectric characterisation. Then, the
sensing volume estimation can be refined based on the results of preliminary
simulations or experiments, which take into account the dielectric properties
of each sample constituent. To this extent, Chapter 4 includes estimations of
both maximum sensing radius and sensing radius depending on the dielectric
properties of the constituent tissues within the sensing volume.

Sensing radius analysis and modelling
Chapter 4 highlights the importance of an accurate calculation of the

sensing volume, not only to define the histology region within highly het-
erogeneous biological samples, but also to define the minimum size of the
homogeneous tissue region that ensures accurate tissue dielectric measure-
ments, without the influence of surrounding tissues within biological samples
with simple heterogeneities. This chapter also presents the state-of-the-art
in sensing volume studies and provides the motivation for investigating the
sensing radius. While the sensing depth had been previously examined in
a range of scenarios, the sensing radius had only been analysed in select
scenarios with limited number of probes and tissue-mimicking materials.
Therefore, Chapter 4 examines the sensing radius both numerically and
experimentally with a range of probes of different dimensions and a wide
variety of materials including biological tissues, with the aim of modelling
the dependence of the sensing radius on the probe dimensions and the inter-
rogated tissue properties. Firstly, the dependence of the maximum sensing
radius on the dimensions of the coaxial probe, i.e. the inner conductor
radius, insulator width, outer conductor inner radius and outer conductor
width, is analysed. This analysis leads to the conclusions that the sensing
radius: i) is not affected by the width of the outer conductor, ii) increases

229



CHAPTER 7. CONCLUSIONS AND FUTURE WORK

approximately linearly with the inner radius of the outer conductor (and
thus with the radius of the inner conductor and the width of the insulator),
and iii) is primarily affected by the radius of the inner conductor. Secondly,
the dependence of the sensing radius on the dielectric properties of con-
centric biological samples, consisting of an inner tissue surrounded by a
concentric outer tissue, is analysed. This analysis suggests that the sensing
radius increases with the contrast in relative permittivity between the two
concentric constituent tissues, and that the relative permittivity of the inner
tissue greatly impacts the value of the sensing radius. Specifically, the lower
the impedance mismatch between the probe and the inner tissue (i.e., the
higher the permittivity of the inner issue), the higher the estimated sensing
radius. Lastly, the sensing radius values obtained numerically are used for
the development of two sets of regression line and neural network models.
The first set of models are able to predict the sensing radius from knowledge
of the probe dimensions and sample dielectric properties, while the second
set of models are able to predict the sensing radius of the Keysight slim form
probe, the most commonly used probe in recent tissue dielectric studies,
from knowledge of the sample dielectric properties. For both sets of models,
the neural network is found to generally outperform the regression line and
is able to predict the sensing radius with an average accuracy to within
approximately 5%.

The outcomes of the study in Chapter 4 confirm that the sensing radius
depends on the dielectric properties of the individual tissues occupying the
sensing volume, which, in turn, enables the interpretation of the dielec-
tric properties of the interrogated sample. This interdependence between
sensing volume and tissue dielectric properties represents a challenge for
the dielectric characterisation of heterogeneous biological tissues. In order
to address this challenge, it is recommended to use the maximum sensing
radius estimation for an initial interpretation of the dielectric properties
measured from a heterogeneous sample, which can then be refined if the
dielectric properties of the individual tissues constituting the sample are
known. This methodology represents the foundation for a rigorous estima-
tion of the sensing radius, which supports accurate and consistent dielectric
measurement of biological tissues. However, even with a rigorous estimation
of the sensing radius, inaccuracies in the dielectric characterisation of highly
heterogeneous tissue samples can occur, due to the lack of knowledge about
the dielectric contribution of the tissues within the sensing radius to the
acquired dielectric data.
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Sample tissue dielectric contribution analysis and modelling
Chapter 5 examines the dielectric contribution of the sample constituents

(within the sensing radius) to the acquired dielectric data. This analysis is
conducted through both dielectric measurements and numerical simulations
performed on several well-controlled radially heterogeneous samples. Specif-
ically, in order to examine the dependence of the dielectric contribution
on the material distribution and dielectric properties, two different radially
heterogeneous samples are investigated: samples with linear heterogene-
ity configuration, consisting of two side-by-side tissue-mimicking materials
or biological tissues spanning a wide range of permittivities, and samples
with concentric heterogeneity configuration, consisting of two concentric
tissue-mimicking materials or biological tissues spanning a wide range of
permittivities. Both measurements and simulations conducted on these
samples confirm that the material dielectric contribution depends on the
spatial distribution of the constituent materials within the sensing volume.
In particular, the measurements and simulations conducted on the sam-
ples with the linear heterogeneity configuration suggest that the dielectric
properties measured at the interface of two side-by-side materials are pro-
portional to the volume occupied by each constituent material and do not
depend on the individual dielectric properties of each constituent material.
Conversely, the measurements and simulations conducted on the samples
with the concentric heterogeneity configuration suggest that the measured
dielectric properties are not proportional to the volume occupied by each
constituent material and depend on the individual dielectric properties of
each constituent material. Overall, this investigation provides the foundation
for more accurate dielectric measurements of heterogeneous tissues.

Sample tissue dielectric characterisation through histology
The significance of the sensing radius and dielectric contribution findings

of Chapter 4 and Chapter 5, respectively, is demonstrated in Chapter 6,
where heterogeneous biological samples are analysed dielectrically with the
support of post-measurement histological analysis. In particular, the results
of Chapter 6 are consistent with the sensing radius values obtained for
specific tissue types in Chapter 4, and the outcome regarding the dielectric
contribution of side-by-side tissues, which suggests that the dielectric prop-
erties measured at the interface of two side-by-side tissues are proportional
to the volume occupied by each constituent tissue. However, in Chapter 6,
the significance of all the findings of Chapter 4 and Chapter 5 is not fully
demonstrated, because of the traditional histology challenges compromising
the interpretation of the dielectric data, when the acquired data is associ-
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ated with the sample histological information. The sources of error of the
traditional histology process are mostly related to sample fixation and pro-
cessing, which irreversibly change the sample morphology and compromise
the histological analysis of subsets of histological slices. Hence, due to the
invasive and often destructive nature of traditional histology, Chapter 6
also evaluates microCT as a novel histology technique to support the corre-
spondence between the acquired dielectric data and the tissue content of a
heterogeneous sample. Lastly, both microCT-based histology and traditional
histology are conducted on a highly heterogeneous tissue sample to evaluate
the applicability of the sensing radius and dielectric contribution findings
to highly heterogeneous tissue samples. This final analysis suggests that
knowledge of the sensing radius and the dielectric contribution of each tissue
within the sensing radius is fundamental for the dielectric characterisation
of radially heterogeneous biological samples. However, further investigation
is needed for accurate dielectric characterisation of highly heterogeneous
biological samples.

7.2 Future Work

Conclusions from the review of the state-of-the-art in tissue dielectric studies,
provided in Chapter 2, suggest that future work should involve standardising
the dielectric measurement protocol for biological tissues.

Standard methods to compensate for measurement confounders
As standard techniques have been developed in the past to compensate

for equipment-related confounders, standard methods to compensate for
tissue-related confounders could be developed in the future in order to reduce
uncertainty in tissue data, which causes inconsistencies across studies. To this
extent, the effect of each tissue-related confounder could be quantified, and
the possible compensation procedures for each confounder compared. In this
way, the techniques that guarantee the highest accuracy and repeatability
in the measurement could be standardised. In particular, since the tissue-
related confounders that introduce the highest uncertainty in the dielectric
measurement of homogeneous biological tissues include probe-tissue contact
and sample moisture content, extensive studies could be conducted to find
standard methods to reduce these confounders. For instance, along with a
close visual inspection of the probe tip and the tissue surface, the probe-
sample contact could be improved by using appropriate force and position
sensors, which could considerably increase the stability of the measurement
system. In addition, along with minimising the time between surgical
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removal of the sample and dielectric data acquisition, the sample moisture
content could be monitored with the use of a weigh scale. However, due
to the large number of tissue-related confounders, it is not possible to deal
with all of confounders with the same level of accuracy. In particular, if
new sensors are used in dielectric measurements to control or monitor some
parameters, the system complexity increases and other experimental errors
may need to be considered. To this extent, the introduction of any new
sensor in the standard measurement procedure needs to be supported by
a number of experiments capable of demonstrating a significant increase
in measurement accuracy and repeatability, although such a sensor would
come at the cost of increasing the complexity of the system.

This thesis also suggests additional standardised steps in the dielectric
measurement protocol in order to improve the dielectric characterisation
of heterogeneous biological tissues, since measurements of heterogeneous
tissues generally show a lower repeatability compared to those of homo-
geneous tissues. The low repeatability of heterogeneous biological tissues
measurements could be increased by firstly characterising dielectrically every
small homogeneous tissue region of the investigated heterogeneous sample,
wherever possible. In fact, performing dielectric measurements on every
small homogeneous tissue region enables accurate single tissue dielectric
characterisation, which provides a complete dielectric profiling of the het-
erogeneous tissue sample. Single tissue dielectric characterisation can also
provide an extent of the dielectric contribution of each single tissue within a
heterogeneous measurement region.

Standard definition of sensing volume
In order to enhance the correspondence between dielectric data acquired

from a heterogeneous sample and the histological content of the sample, a
standardised definition of sensing volume and a standardised methodology
for the calculation of the sensing radius and sensing depth are needed. A
standard definition of sensing volume would result in equivalent values of
sensing radius and sensing depth for specific probes and samples, calculated
uniformly across different studies. Also, a standard methodology to calculate
the standardly defined sensing volume would allow for the development of
tools able to predict the sensing volume from knowledge of the physical
dimensions of the probe and the dielectric properties of the tissues consti-
tuting the sample. Such tools could be used on a large scale across different
research groups for the evaluation of the sensing volume of a specific probe
for a specific sample.

Besides a standard calculation of the sensing volume, for the dielec-
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tric characterisation of highly heterogeneous biological sample, a standard
methodology to associate the acquired dielectric data with the histological
content of the sample is needed. Currently, such methodology is supported by
the histological analysis of the sample previously characterised dielectrically.
The histological process presents important limitations, which involve the
change in morphology and the irreversible damage of the analysed sample.
The irreversible damage of a sample can result in the loss of histological
information, which can compromise the interpretation of the acquired di-
electric data. For this reason, the histological analysis can be used only
for samples with limited radial heterogeneities, within which the loss of
histological slices does not compromise the reconstruction of the sample
histological content. However, for an accurate histological analysis of these
samples, future work needs to be conducted to monitor and compensate for
the changes in morphology of each tissue constituting the analysed sample.

Standard techniques to support post-measurement processing
For an accurate analysis of highly heterogeneous biological samples, tradi-

tional histology is not recommended and novel non-invasive techniques need
to be investigated. For instance, the histological analysis can be replaced
by microCT, which is able to reconstruct the sample constituent tissue
structure while minimising the change in sample morphology. However, in
order to adopt microCT as standard technique to support the dielectric
characterisation of heterogeneous biological tissues, extensive studies need
to be conducted. For instance, a standard sample marking technique needs
to be adopted to keep track of the sample orientation during the microCT
scan. The sample marking would be vital since the microCT scan is gener-
ally performed with the sample immersed in a staining solution, where the
sample can move. Therefore, the microCT images will not be in the same
orientation as the original position in which the dielectric measurement was
performed. As such, registration between the orientation of the sample in
the microCT images and the orientation of the sample during the dielectric
measurement will be needed. Furthermore, a standard staining protocol for
soft tissues, for this application, needs to be developed. The staining of soft
tissues with contrast agents is fundamental to increasing the tissue X-ray
attenuation and thus enhancing the contrast between the different tissue
types. Besides enhancing the soft tissue visualisation, the use of contrast
agents can significantly shrink the tissues. Thus, a standard staining tech-
nique capable of enhancing the contrast of soft tissues and minimising the
tissue shrinkage needs to be found. Furthermore, standard techniques that
take into account the tissue shrinkage need to be developed to accurately
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reconstruct the sample 3D structure from the microCT scans. In this way,
each tissue constituting the measurement sample can be segmented and
imported as a computer aided-design (CAD) model to an EM simulation
software. These EM simulations would then reproduce and validate the
dielectric measurements of heterogeneous biological samples.

Lastly, all of the system settings and measurement meta-data could be ac-
curately recorded to promote the reproducibility of the dielectric experiments.
Hence, the introduction of standard measurement techniques, together with
standard reporting of the measured data and recorded meta-data, will im-
prove the accuracy and repeatability of tissue dielectric measurements, which
will then result in more accurate dosimetry calculations and more reliable
designs of EM-based medical technologies. Over the long-term, the resulting
improvements in dielectric data will promote safer EM-based devices and
will support more effective and efficient patient care.
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