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ABSTRACT 
Knowledge of the dielectric properties of biological tissues is fundamental in the design 

of novel electromagnetic-based medical devices. Tissue dielectric properties are 

typically measured using the open-ended coaxial probe technique, which is designed for 

homogeneous samples. Histological analysis may be conducted to associate the 

measured dielectric properties to different tissue types within heterogeneous samples. 

However, the histology radius (i.e., the radial extent of the tissue sample that undergoes 

histological analysis) has not been consistently defined in the literature; therefore, this 

parameter may be a source of error in dielectric data. For this reason, we investigate 

the histology radius of various heterogeneous samples. Dielectric measurements were 

conducted over the frequency range of 0.5 to 20 GHz on radially heterogeneous tissue-

mimicking materials and biological tissues, with different dielectric properties and 

contrasts. The experimental results were validated with numerical simulations and 

indicate that: i) the histology radius does not exceed the probe radius; ii) the dielectric 

properties of radially heterogeneous tissues depend on the spatial distribution of each 

material within the histology radius; and iii) the bulk dielectric properties of concentric 

heterogeneous tissues highly depend on the properties of each constituent material 

within the histology radius. This study supports consistent identification of the 

histology radius and provides a basis for rigorous interpretation of the dielectric 

properties of heterogeneous tissues. 

   Index Terms — Biological materials, dielectric measurement, open-ended coaxial 

probe, tissue properties. 

 

1   INTRODUCTION 

 THE dielectric properties of biological tissues determine 

the interaction of electromagnetic (EM) fields with the human 

body. These properties are both frequency- and temperature-

dependent. The dielectric properties are defined by the 

complex permittivity, ϵ(ω)*. The real part of the complex 

permittivity, ϵ’, expresses the ability of the tissue to store 

energy from external EM fields. The imaginary part of 

permittivity, or the dielectric loss, ϵ’’, describes the dissipative 

nature of the tissue, which absorbs the energy and partially 

converts it to heat. The conductivity of the tissue, σ, is related 

to the dielectric loss. 

Dielectric characterisation of biological tissues is the 

foundation for the refinement of existing EM medical 

techniques (i.e., microwave imaging, hyperthermia, and radio-

frequency/microwave ablation) and the development of new 

EM-based technologies [1]–[3]. For example, in hyperthermia 

and ablation treatments, knowledge of the dielectric contrast 

between malignant and benign tissues and their dependence on 

temperature enables high selectivity in  targeting the diseased 

tissue with heat while protecting the surrounding healthy 

tissue [1], [4].  

Dielectric measurements of biological tissues are most 

commonly conducted with an open-ended coaxial probe [5]–

[10]. The coaxial probe method has key advantages over other 

measurement techniques, including that it is applicable over a 

broad frequency range, it does not require sample preparation, 

and it is non-destructive, which makes it uniquely suitable for 

in vivo measurements [7], [10]–[12].  

In the literature, although several animal and human studies 

have been conducted using the open-ended coaxial probe 

technique, no standard procedure exists for the dielectric 

characterisation of heterogeneous tissues. The lack of a 

standard procedure for the interpretation of dielectric data of 

heterogeneous tissues is attributable to the fact that the coaxial 

probe design is based on the assumption that the measured 

tissue sample is homogeneous [13]. Therefore, the procedure 

for dealing with heterogeneous tissues is unclear. This 

problem is highlighted by the fact that there have been 

significant inconsistencies in the reported dielectric properties 

for key heterogeneous tissues, such as the breast [14]–[16].  

In order to attribute dielectric properties to heterogeneous 

tissues, researchers often conduct histological analysis of the 

tissue sample of interest [15]–[17]. In this case, it is of key 

importance to correctly identify the histology region, i.e., the 

region that is subject to histological analysis, and to 

understand how each constituent tissue within the histology 

region contributes to the measured dielectric properties. The 
Manuscript submitted on 14 July 2017. 



 

lack of a consistent approach to defining the histology region 

is a key confounder contributing to the inconsistencies in 

dielectric data noted above. A rigorous and consistent 

experimental methodology is needed to determine the 

histology region, especially because the histology region 

found for a specific probe cannot be generalised to any other 

probe. In fact, the histology region significantly depends on 

the probe design, i.e., the size of the inner conductor, the 

insulator, and the outer conductor, and on the permittivity of 

the insulator. To this extent, a consistent experimental 

approach aimed at meticulously determining the histology 

region has the potential to reduce inconsistencies in dielectric 

data from heterogeneous tissues. 

The histology region is demarcated by the histology depth 

and the histology radius, which circumscribe the volume of 

tissues that contribute to the dielectric measurement. In Figure 

1, the importance of the histology radius is demonstrated. In 

this figure, a digital image of a stained 2-D slice of a 

heterogeneous tissue sample is shown, with different tissue 

types distinguishable by their distinctive colours, sizes, and 

shapes. As indicated in Figure 1, the histology region is a 

cylindrical volume, consisting of the histology depth, Δd, in 

the longitudinal direction from the probe tip, and histology 

radius, Δr, in the radial direction from the probe tip. 

Specifically, two different values of the histology radius Δr, 

denoted as Δr1 and Δr2, are marked with black dotted lines and 

blue solid lines respectively in Figure 1 to highlight the 

importance of accurately defining the histology radius for a 

rigorous tissue dielectric characterisation. As is evident from 

Figure 1, if the histology radius Δr is inaccurate, then the 

histology region either includes tissues that did not contribute 

to the dielectric measurement, or the histology region does not 

include all of the tissues that did contribute. In either case, the 

dielectric data is not correctly associated with the tissues that 

contributed to that dielectric measurement. 
In recent studies, tissue histology was conducted following 

tissue dielectric measurement. However, the size of the 

histology region used varied across the literature and was not 

always appropriately related with the probe size [16]–[18]. 

These inconsistencies reduce the reliability of dielectric data 

of heterogeneous tissues, and motivates the need for defining a 

standard way to determine the size of the histology region.  

Specifically, in the literature, there have been a limited 

number of studies aimed at quantifying the histology region, 

or probe sensing volume: while there are more works 

discussing the histology depth [19], [20], there are only a few 

investigating the histology radius [21], [22]. For instance, 

Hagl et al. analysed the effect of the beaker walls on liquid 

dielectric measurements at different radial distances [21]. 

Furthermore, dielectric experiments investigating the impact 

of radial heterogeneities on the dielectric properties measured 

from tissue-mimicking materials were performed [22]; 

however, no quantitative studies relating to the histology 

radius have been found in the literature. 

In this work, the histology radius of the Keysight slim form 

probe [23] is investigated with the aim of improving the 

correspondence between tissue histology and dielectric 

properties. The slim form probe has been selected for this 

study since it is the most commonly used probe in recent 

tissue dielectric studies [16], [18], [19], [24]–[28] due to its 

small diameter of 2.2 mm that enables measurements on small 

tissue samples. This work consists of two studies. First, we 

define the maximum extent of the histology radius, and 

calculate this parameter based on experimental data. Then, we 

analyse the contribution of each material within the histology 

radius to the measured dielectric properties. Specifically, the 

first experimental design consists of measuring the dielectric 

properties of a concentric tissue-mimicking sample composed 

of an inner and an outer material. Thus, we define the 

histology radius 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). Lastly, after 

quantitatively determining the histology radius, we use 

heterogeneous samples of different compositions of phantoms 

and biological tissues to evaluate how each individual material 

contributes to the measured dielectric properties. Results from 

the second experimental design provide much needed 

information on how to interpret dielectric data acquired from 

radially heterogeneous tissues. 

 

Figure 1. Photograph of a histology slice from a heterogeneous tissue sample 
(slice from [29]). The dielectric probe measurement location is marked with 

the black oval. Two histology region areas having same histology depth Δd 

are marked: a smaller region with radius Δr1 (in black dotted lines) and a 
larger one with radius Δr2 (in blue solid lines). If the histology radius Δr = Δr1, 

the tissues contained in the histology region are vastly different than if the 

histology radius Δr = Δr2. This indicates how significantly different the tissue 
sample content can be depending on the histology radius used. Therefore, if 

the histology radius Δr does not correspond to the tissue region contributing to 

the measured dielectric properties, significant errors can be introduced into the 

interpretation of dielectric data.  

2 EXPERIMENTAL METHODOLOGY 

2.1 MEASUREMENT CALIBRATION AND 
VALIDATION 

In this study, dielectric measurements were performed using 

the Keysight slim form probe [23] connected to the Agilent 

E8362B network analyser. The probe was calibrated using the 

three-load standard procedure.  

The uncertainty of the measurement system was 

characterised after calibration by performing repeated 

measurements of 0.1 M NaCl (saline). The 0.1 M NaCl 

solution was used since it does not require special handling 

procedures, and has well-known, modelled dielectric 

properties that are in the same range as those of biological 

tissues [10], [30]. Data from multiple 0.1 M NaCl 



 

measurements (performed after different system calibrations) 

was used to quantify the total combined uncertainty (TCU) of 

the measurement system for both the relative permittivity ϵr 

(equivalent to the real part of the complex permittivity ϵ’), and 

the conductivity, σ. The TCU was calculated as reported in 

[30]. The TCU was found to be 2.1% for relative permittivity 

and 4.2% for conductivity. If these values are multiplied by a 

coverage factor (k), a required confidence level is assigned to 

uncertainty values [30]. In this case, we obtained the expanded 

uncertainty of the system multiplying the TCU by 2 to give 

uncertainty values a confidence level of approximately 95%. 

Thus, the expanded uncertainty of the system was found to be 

4.2% for ϵr and 8.4% for σ, which are within the limit values 

found in the literature [10], [24]. We note that throughout this 

paper, the term “relative permittivity” is used to refer to the 

real part of the complex permittivity and the term 

“permittivity” is used to refer to both terms of the complex 

permittivity (i.e., both conductivity and relative permittivity). 

Based on the knowledge of the system performance, the 

quality of a calibration was validated after each calibration 

instance by measuring the dielectric properties of the 0.1 M 

NaCl solution. The measured dielectric signal was then 

compared to the model described in [31]. In this way, the 

measurement accuracy, defined as the average percent 

difference between the measured dielectric data and the 

model, was calculated. If the measurement accuracy was 

within the TCU, the calibration was determined to be of high 

quality and the measured 0.1 M NaCl signal was used as 

reference signal for the subsequent measurements; otherwise 

the calibration procedure was repeated until a good quality 

calibration was achieved. The quality of the calibration was 

monitored throughout the measurement phase by re-measuring 

the saline solution regularly. All measurements were acquired 

as soon as possible after calibrating the system, and the 

calibration was redone hourly, in order to reduce error 

associated with drift of the network analyser.  

Measurements were recorded with 101 frequency points on 

a linear scale over the microwave frequency range of 0.5 - 20 

GHz. This bandwidth was selected as it covers the frequencies 

of interest in several microwave medical applications, 

including those of microwave breast imaging, hyperthermia, 

and microwave ablation systems [1]–[3]. The number of 

frequency points was selected after performing measurements 

with increasing number of points. It was observed that the 

accuracy of the dielectric traces did not improve by selecting a 

number of frequency points higher than 101. The temperature 

of the calibration and validation liquids, and the material or 

tissue samples, was recorded during each dielectric 

measurement. Furthermore, each measurement was performed 

by bringing the sample towards the probe using a lift table 

(with the probe fixed in a stationary position the entire time) in 

order to avoid system perturbations that could introduce errors 

in the measured data. 

2.2 STUDY #1: MAXIMUM HISTOLOGY RADIUS 

In this study, the histology radius was determined by 

measuring the dielectric properties of a sample composed of 

two concentric materials: an inner material and an outer 

material. A concentric pattern was chosen due to the circular 

cross section of the probe and the axially symmetric EM field 

radiation around the probe. The inner material was in contact 

with the probe, with a radius equal to or larger than the radius 

of the probe. The outer material had an inner radius equal to 

the outer radius of the inner material. The outer radius of the 

outer material was up to five times larger than the inner radius, 

such that the impact of the edges of the material were 

negligible to the measurement. 

In order to identify the histology radius, 0.1 M NaCl and 

Teflon were used as the inner and outer materials, 

respectively. The choice of materials was based on the fact 

that these materials have a high contrast in permittivity and 

represent the “worst-case” scenario mismatch expected in the 

properties of biological tissues. In fact, the average relative 

permittivity of Teflon across the operational frequency range 

is 2.1, while the average relative permittivity of 0.1 M NaCl is 

60. This high contrast in permittivity between Teflon and the 

saline solution enabled straightforward identification of the 

contribution of each of the two materials to the measured 

dielectric properties.  

In order to quantify the histology radius, different sized 

apertures were drilled in a Teflon block that was then 

immersed in saline. Specifically, the Teflon apertures had 

diameters of 2.5 mm, 3.5 mm, 5 mm, and 10 mm. The 

aperture diameters were selected based on the precision of the 

drilling machine used to manufacture the apertures and on the 

results of preliminary experiments, consisting of the 

measurement of saline in different sized centrifuge tubes. 

Specifically, from the preliminary experiments, it was 

observed that the relative permittivity of saline measured in a 

10 mm diameter tube was equivalent to the relative 

permittivity of saline measured in a larger beaker. Therefore, 

this preliminary result indicated that the histology radius of the 

probe must be less than 10 mm for saline. As such, the size of 

the largest Teflon aperture investigated here was chosen to 

have a diameter of 10 mm.  

Measurements were conducted for each aperture size. 

Specifically, the probe was positioned at the centre of each 

aperture, equidistant from the Teflon walls, and the dielectric 

properties were acquired. A depiction of a given measurement 

is shown in Figure 2.  

The distance from the side of the probe to the Teflon walls 

in the four apertures was: 0.15 mm, 0.65 mm, 1.4 mm, and 3.9 

mm, respectively. As the probe diameter is 2.2 mm, for the 2.5 

mm aperture, the distance was calculated as (2.5-2.2)/2 mm = 

0.15 mm, and similarly for the other aperture sizes. The Teflon 

block was 10 mm thick and the probe was positioned in each 

aperture at a fixed depth, at which the bottom of the box 

(containing the Teflon block immersed in saline) did not 

interfere with the measurements. The probe immersion depth 

was monitored using a micrometer fixed to the lift table and 

was kept constant for measurements across all apertures. 

Measurements were repeated five times after each of five 

calibrations.  



 

 

Figure 2. Photograph (left) and diagram (right) of the Study #1 measurement 
scenario for the estimation of the maximum histology radius. In the 

photograph, the Teflon block can be seen immersed in saline, with the probe 

inserted into one of the apertures. In the diagram, which shows the 
measurement scenario from above or below, the red circle outlines the probe 

position, and the solid and dotted circles surrounding the probe denote the 

variable diameter of the saline solution within Teflon, which is represented by 

the yellow square.  

The dielectric properties measured in each of the four 

apertures were compared to those obtained when measuring 

saline in a larger beaker, with walls 10 mm away from the 

probe in each direction. The histology radius was defined as 

the aperture radius at which Teflon (the outer material) ceased 

to contribute to the measured dielectric properties, within the 

uncertainty of the measurement. In other words, the histology 

radius is equivalent to the aperture radius at which only the 

permittivity of saline is detectable in the dielectric 

measurement, within the uncertainty of the measurement. 

Here, we define the maximum histology radius as the 

maximum radius of tissues that may contribute to the 

dielectric measurement, regardless of the tissue types present 

in the sample. The maximum histology radius is the histology 

radius that should be examined when performing histology on 

a heterogeneous tissue sample of unknown composition. In 

other words, depending on the tissue types present in the 

sample, the histology radius for that specific sample may be 

equal to or less than the maximum histology radius, but may 

never be larger than the maximum histology radius. 

Based on the definition of histology radius given above, for 

two materials having a contrast in permittivity lower than the 

contrast between Teflon and saline, the histology radius will 

be smaller than for Teflon and saline. In order to clarify how 

the histology radius depends on the tissue contrast in 

permittivity, an example is provided in the paragraph below. 

As an example, consider two concentric radially 

heterogeneous samples, both composed of 0.1 M NaCl (inner 

material) contributing 80% to the total measured permittivity. 

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 

permittivity of saline, water, and Teflon, is 77, 79, and 2.1, 

respectively. Therefore, the sample composed of saline and 

Teflon has a much higher contrast in relative permittivity than 

the sample composed of saline and water. For both samples, 

the measured relative permittivity, ϵr,meas, is calculated as 

follows: 

ϵr,meas=w1×ϵr1 + w2×ϵr2                               (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. At 0.5 GHz, 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, 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. Further, the 80% saline and 20% water sample 

is only 0.5% different from the relative permittivity of a 

homogeneous saline sample. Thus, while a material having 

high contrast in relative permittivity notably affects the 

measured dielectric properties, a material having low contrast 

in relative permittivity introduces only a small change, which 

may be within the uncertainty, to the measured dielectric 

properties. 

To summarise, the histology radius obtained from materials 

having the maximum contrast expected in the properties of 

biological tissues represents the maximum histology radius. 

This maximum radius can be used for the histological analysis 

when the tissue composition of the sample is unknown, due to 

the fact that the histology radius for the unknown sample 

cannot be larger than the maximum histology radius. On the 

other hand, when the tissue composition of the sample is 

known, the histology radius can be estimated by custom 

preliminary experiments or simulations. 

The experiment to quantify the maximum histology radius 

described at the beginning of this subsection was partially 

replicated on a biological tissue sample. In particular, a 

porcine sample containing both fat and muscle tissues was 

used. The sample had two distinct regions: i) a small region, 

which was approximately as large as the probe (with a 

diameter of around 2.5 mm), and ii) a large region that was 

sufficiently larger than the probe size (with a diameter of 

around 10 mm). Both regions contained fat tissue surrounded 

by muscle tissue. Measurements were conducted in both 

regions, then the dielectric data was compared. The same 

measurements were repeated for regions of muscle tissue 

surrounded by fat tissue. Therefore, measurements were 

obtained with the probe placed in contact both with a low-

permittivity material (fat) and with a high-permittivity 

material (muscle). Five different point measurements were 

performed in both the fat and muscle tissue large regions. In 

the small tissue region, measurements were taken only at one 

location, due to the limited homogeneous area. In this way, the 

experimental outcome quantifying the maximum histology 

radius was also validated in biological tissues. The results 

from this set of experiments are reported in Section 4.1. 



 

2.3 STUDY #2: DIELECTRIC PROPERTY 
DEPENDENCE ON MATERIAL DISTRIBUTION 

WITHIN THE HISTOLOGY RADIUS 

After quantifying the maximum histology radius, well-

characterised and well-controlled heterogeneous samples were 

fabricated to evaluate how measured dielectric properties of 

heterogeneous samples depend on the distribution of materials 

within the histology radius. Given the small size of the probe, 

it is challenging to manufacture well-controlled heterogeneous 

phantoms with different geometrical structures. However, two 

patterns of radially heterogeneous samples were fabricated: 

linear and circular. While these types of heterogeneities 

represent a simplified scenario relative to the heterogeneities 

present in actual tissues, 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 contribute to dielectric 

properties is desirable.  

2.3.A STUDY #2: DIELECTRIC CHARACTERISATION 
OF SAMPLES WITH LINEAR HETEROGENEITY 

CONFIGURATION  

In samples with a linear heterogeneity configuration, two 

different materials were placed side by side, resulting in one 

bulk heterogeneous sample. The samples were composed 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 1. The materials/tissues were 

selected to maximise the range of material properties and 

dielectric contrasts involved in the measurement scenarios. In 

this way, we examined if the impact of the materials on the 

measured dielectric properties changes based on the individual 

material dielectric properties or/and on the dielectric contrast 

of the materials. 

  

In Table I, the average relative permittivity values of the 

materials/tissues across the range 0.5 - 20 GHz are reported in 

brackets beside the material name. As is clear from Table I, 

the materials involved in samples L1, L2, L3, and L4 have 

high contrast in permittivity, while the materials comprising 

samples L5 and L6 have low 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 in [32], and have a durable, semi-solid structure. 

Two types of rubber-based phantoms were used: a fat-

mimicking phantom having low permittivity, denoted here as 

“Phantom 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 micrometer 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 micrometer in 

discrete steps. We ensured that no contact occurred between 

the probe and the sample while the micrometer 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 Figure 3, a photograph of the measurement 

set-up is provided and, in Figure 4, a picture of the 

heterogeneous sample L1 and a diagram of this measurement 

scenario are reported. 

 
Figure 3. Set-up for the Study #2 measurement scenario used to evaluate 

how radial 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 micrometer attached to the right extremity of the 

box and, longitudinally, by the lift table. 

  
Figure 4. Picture (left) and diagram (right) of Study #2 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). 

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 measurements 

on the interface, the probe was positioned on Material 2. At 

Table 1. Summary of heterogeneous samples measured in linear 

configuration. The average relative permittivity values of the 

materials/tissues across the range 0.5 - 20 GHz are specified in brackets. 

Samples Material 1 Material 2 

L1 Phantom A (ϵr=7) Phantom B (ϵr=46) 

L2 Phantom A (ϵr=7) Saline (ϵr=60) 

L3 
L4 

L5 
L6 

Vegetable oil (ϵr=2.5) 
Porcine fat (ϵr=9) 

Phantom A (ϵr=7) 
Saline (ϵr=60) 

Phantom B (ϵr=46) 
Porcine muscle (ϵr=26) 

Vegetable oil (ϵr=2.5) 
Phantom B (ϵr=46) 

 

 



 

this point, the probe was gradually brought away from the 

material interface. Dielectric measurements were performed at 

each position until the probe was on Material 2 at 10 mm 

away 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). With 

this set of experiments, we quantified the contribution of each 

material to the measured dielectric properties and obtained 

further information about the histology radius. In fact, for each 

set of experiments, we determined 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). In order to confirm the outcome, for each 

heterogeneous sample listed in Table 1, this set of experiments 

was repeated fully after each of three calibrations. The 

measurements were performed also on porcine tissue at the 

fat-muscle interface. 

2.3.B STUDY #2: DIELECTRIC 

CHARACTERISATION OF SAMPLES WITH 

CIRCULAR HETEROGENEITY CONFIGURATION 

For samples with circular heterogeneity configuration, fewer 

material combinations were used, given the complexity of 

fabricating a round inner material with a radius smaller than 

that of the probe (1.1 mm). As such, Teflon or polylactic acid 

(PLA; a solid plastic) and saline solution were used to 

fabricate four different heterogeneous samples with 

heterogeneities in a circular configuration. Again, these two 

materials have high contrast in permittivity. The materials 

were combined in two ways: in one configuration Teflon was 

used as the outer material and saline as the inner material; in 

the other configuration saline was used as the outer material 

and PLA as the inner material. In the first configuration, a 

drilled Teflon plate with 1.5 and 2 mm diameter apertures was 

immersed into saline. In the other configuration, 1.5 and 2 mm 

diameter PLA 3D-printed cylinders were immersed into 

saline. It was not possible to fabricate smaller diameter inner 

materials due to the limited resolution of the drilling machine 

and the 3D printer. The four heterogeneous samples in circular 

configuration that were used for this study are summarised in 

Table 2. 

In this measurement scenario, all samples contained 

materials that had high contrast in permittivity in order to 

easily separate the contribution of each material to the 

measured dielectric properties. The samples C1 and C2 had a 

high permittivity material as the inner material, with a low 

permittivity material as the outer material; while the samples 

C3 and C4 had a low permittivity material as the inner 

material and a high permittivity material as the outer material. 

 
Dielectric measurements on these heterogeneous samples 

were performed by positioning each PLA cylinder (immersed 

in saline) or each Teflon aperture (immersed in saline) 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 this measurement scenario are 

shown in Figure 5. The photograph illustrates a measurement 

being conducted on Sample C4, composed of an inner material 

of 2 mm diameter PLA and an outer liquid of saline. The 

diagram summarises the set of measurements performed on 

heterogeneous samples in a circular configuration. The inner 

material is indicated in blue and has a diameter of 1.5 mm or 2 

mm and it is adjacent to the outer material that has a diameter 

much larger than that of the probe. This set of experiments 

was repeated following three different calibrations.  

     

 
 

Figure 5. Picture (left) and diagram (right) of Study #2 measurement 
scenario used to evaluate how radial heterogeneities in circular configuration 

impact the measured dielectric properties. In the photograph, the probe is 

positioned on Sample C3, consisting of the 1.5 mm diameter 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 diameter of 1.5 mm or 2 mm, and 

the outer material (in yellow) extends outside of this diameter.   

Following these dielectric measurements, the measured 

dielectric properties were compared to those estimated based 

on the material composition of the corresponding 

heterogeneous sample. In particular, the material composition 

expressed as a percentage (by volume occupied) of each 

heterogeneous sample was calculated and associated with the 

corresponding dielectric data acquired by the probe. The 

percent volume occupied by the inner material of each sample 

was calculated based on the estimated histology radius as 

follows: 

 ,                     (2) 

where r1 is the radius of the inner material, and R is the 

histology radius. The percent volume occupied by the outer 

Table 2. Summary of heterogeneous samples measured in circular 

configuration. The average relative permittivity values of the 

materials/tissues across the range 0.5 - 20 GHz are specified in brackets. 

Samples Inner material Outer material 

C1 1.5 mm diameter saline (ϵr=60) Teflon (ϵr=2.1) 

C2 2 mm diameter saline (ϵr=60) Teflon (ϵr=2.1) 

C3 

C4 

1.5 mm diameter PLA (ϵr=3) 

2 mm diameter PLA (ϵr=3) 

Saline (ϵr=60) 

Saline (ϵr=60) 

 



 

material of each sample was calculated by subtracting the 

inner material percentage composition from the total percent 

composition of 100: 

  (3) 

Before showing the experimental results, the numerical 

methodology used to validate the outcome from dielectric 

measurements is detailed. 

3 NUMERICAL METHODOLOGY 

The aim of the numerical study was to validate the 

experimental outcomes. 

Simulations were performed using COMSOL Multiphysics 

version 5.3, which uses the finite element method (FEM) to 

solve electromagnetic wave problems. Firstly, the probe model 

was developed by creating the probe geometry and assigning 

the dielectric properties of the probe insulator and conductors. 

Secondly, different sample geometries were created based on 

the samples fabricated for the experimental measurements.  

The probe model was developed after measuring the actual 

physical size of the probe conductors and insulator. From the 

micrometer measurements, it was observed that the probe 

inner conductor radius is 0.25 mm, the insulator width is 0.5 

mm, and the outer conductor width is 0.35 mm, for a total 

probe radius of 1.1 mm and length of 200 mm. While the 

modelled probe dimensions match the size of the experimental 

probe, the Keysight probe insulator and conductor materials 

are unavailable to researchers. In this study, the insulator and 

conductor materials were assumed to be Teflon (ϵr=2.1, σ=1e-

23) and Nickel (ϵr=1, σ=1.43e7), respectively, as they 

provided the best match between simulations and 

measurements relative to other tested materials.  

According to the geometry of the interrogated sample, 

either a 2D or 3D simulation environment was used. In 

particular, a 2D axially-symmetric probe model was used to 

simulate Study #1 and Study #2 with samples with circular 

heterogeneities. The 2D simulation in these scenarios was 

possible due to the 2D axial-symmetry of the samples (as seen 

in Figures 2 and 5). A 3D probe model was used to simulate 

Study #2 with heterogeneous samples in linear configuration 

that are not axially symmetric (as seen in Figure 4).        

Then, the dielectric properties of the materials constituting 

the interrogated samples (specified in the previous section), 

which were obtained by fitting two-pole Debye/Cole-Cole 

models to the average measured data, were assigned to the 

sample materials of the simulation model. Either the Debye or 

Cole-Cole models were selected based on the quality of the fit. 

Before executing the simulations, for each model 

(composed of the probe and various material samples), the 

coaxial EM source was positioned on the top of the probe, the 

absorbing conditions were assigned to the model boundaries, 

and the meshes were created. For the 2D simulations, the 

minimum and maximum mesh elements sizes were 0.01 mm 

and 0.05 mm, respectively. For the 3D simulations, the 

minimum and maximum element sizes were 0.1 mm and 0.3 

mm, respectively. The 3D mesh is coarser than the 2D mesh 

due to limits in computational memory. Although the element 

sizes differ between the 2D and 3D models, results obtained 

from the same type of simulation run in both environments 

were compared and the results confirmed to be consistent. 

After the FEM simulations were solved, the EM field in the 

sample materials in proximity of the probe tip and the 

complex S11 parameters from the probe-sample interface were 

analysed. Furthermore, S11 parameters were converted into 

complex permittivity values, using the open-ended coaxial 

probe antenna model [33]. Specifically, the antenna model 

conversion algorithm uses known complex permittivity and 

corresponding complex S11 of three media to calculate the 

three parameters necessary to estimate the probe admittance 

that is linked to the permittivity. In this work, saline, fat, and 

muscle were used as media for the estimation of the probe 

admittance, since they span a wide range of permittivity 

trends. A set of numerical results validating the experimental 

findings are reported in Section 5. 

 

4 EXPERIMENTAL RESULTS 

4.1 STUDY #1: MAXIMUM HISTOLOGY RADIUS 

 In this section, the results of the maximum histology radius 

study are presented. Specifically, this data was collected from 

the set of measurements performed in saline within small 

diameter Teflon apertures. In Figure 6, the measurements from 

the probe placed in each of the four apertures are compared 

with the saline measurement performed in a larger container 

(distance between probe and wall 10 mm), along with the 

saline model (reference model data from [31]). The different 

radial distances between the probe and the Teflon walls are 

reported in the legend. The relative permittivity and 

conductivity values from all traces are similar to each other 

and are very close to the permittivity values of saline in 

isolation. However, a measurement trend is observed for 

frequencies below the cross over point at approximately 8 

GHz, where the relative permittivity of smaller diameter 

apertures is increasingly impacted by the presence of the 

Teflon surrounding the saline solution. As the distance 

between the probe and the Teflon walls increases, the relative 

permittivity and conductivity values trend closer to those of 

the model (which has an accuracy within 0%–0.9% for static 

permittivity and 0%–0.7% for relaxation time [31]). Although 

the results shown in Figure 6 form only one set of 

measurements (from one calibration), the same trend was 

found for all other recorded measurements.  

   

 

 

(a) 



 

5 10 15 20
30

40

50

60

70

80

Frequency [GHz]

R
e
la

ti
v
e
 p

e
rm

it
ti

v
it

y

 

 

0.15 mm

0.65 mm

1.4 mm

3.9 mm

10 mm

Model

 
(b) 

5 10 15 20
0

10

20

30

40

50

Frequency [GHz]

C
o

n
d

u
c
ti

v
it

y
 [

S
/m

]

 

 

0.15 mm

0.65 mm

1.4 mm

3.9 mm

10 mm

Model

 

Figure 6. Measured relative permittivity (Figure 6a) and conductivity (Figure 

6b) obtained with the probe immersed in saline-filled apertures within the 
Teflon block. The measurements were performed with different diameter 

apertures. For each measurement, the distance between the edge of the probe 

and the Teflon wall of the aperture is specified in the legend. The 

measurements are also compared with saline model (model data from [31]).  

For each measurement set, the relative permittivity and 

conductivity values from measurements in the four apertures 

were compared to those measured with saline in the larger 

beaker. Thus, the relative permittivity and conductivity values 

obtained from the measurement of saline in the beaker were 

used as reference data. The percent difference in relative 

permittivity and conductivity between data from each aperture 

and the reference data was calculated at five different 

frequencies across the measurement range: 0.5 GHz, 4 GHz, 8 

GHz, 14 GHz, and 20 GHz. Only the percent difference in 

relative permittivity is used to determine the histology radius, 

as the uncertainty of the measurement is lower than for 

conductivity. In Figure 7, we report the relative permittivity 

percent difference values calculated from the plot in Figure 6. 

As the measurement performed when the probe was 

positioned 10 mm from the Teflon walls is taken as the 

reference, the relative permittivity difference is null at the 10 

mm distance between the probe and the Teflon. The relative 

permittivity difference changes based on the frequency. In 

fact, in Figure 6, we observe a cross-over point in both the 

relative permittivity and conductivity plots around 8 GHz. For 

this reason, the smallest percent relative difference, as seen in 

Figure 7, occurs at 8 GHz. In general, the percent difference in 

relative permittivity decreases as the distance between the 

probe and the Teflon walls increases. However, the maximum 

relative permittivity difference at 0.15 mm between the probe 

and Teflon is around 3%, which is very close to the total 

combined uncertainty of the system (2.1%) and within the 

expanded uncertainty of the system. A relative permittivity 

difference of 3% is also much smaller than the relative 

permittivity difference between the two materials. In fact, their 

relative permittivity difference is 97%. Therefore, the 

difference of 3% is not likely to be experimentally significant. 
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Figure 7. Percent difference in relative permittivity at 0.5, 4, 8, 14, and 20 
GHz, obtained from the data shown in Figure 6. The difference is calculated 

between the measured relative permittivity for measurements in each aperture 

and the reference data taken at 10 mm distance from the beaker wall. 
Specifically, the distances between the edge of the probe and the Teflon walls 

in the four apertures are: 0.15, 0.65, 1.4, and 3.9 mm. 

 The results shown in Figure 7 are consistent across all 

measurements. The high repeatability of the experiment 

confirms that the maximum histology radius is approximately 

as large as the probe radius (1.1 mm). 

 This finding is noteworthy since the probe datasheet 

recommends positioning the probe at least 5 mm from the 

tissue edge [24]. In fact, following the datasheet 

recommendation, the tissue slides to undergo histological 

analysis would be approximately 10 mm large. The width of 

the tissue slide recommended in the datasheet is almost five 

times larger than the maximum histology radius estimated in 

this study. For this reason, the histological analysis obtained 

from a 10 mm width slide could result in an entirely different 

analysis from that obtained from a 2.2 mm width slide. 

Consequently, imprecision in the tissue histological 

examination could lead to crucial errors in the interpretation of 

the tissue measured dielectric properties. 

Furthermore, the histology radius estimated from this 

experimental study is slightly smaller than the value reported 

in Hagl et al. (2.35 mm) [21]. For instance, the data obtained 

from the simulation in [21] suggests that 1.25 mm distance is 

needed between the probe and the concentric margins of a 

tissue specimen for a probe with 2.2 mm diameter. However, 

we note that the probe used in [21] was not the same probe 

that was used here. It is highly likely that the histology radius 

will vary based on the design of a given probe, and it is known 

to vary based on probe diameter. 

The results demonstrated in Figures 6 and 7 were then 

validated with measurements from porcine tissues. As 

discussed in Section 2, measurements were performed on both 

fat and muscle tissues, each in two approximately-



 

homogeneous regions, with one of small size and one of large 

size. 

The small sample region was approximately as large as the 

probe diameter (with only 0.2 mm distance between the probe 

and the surrounding material), while the large region was 

approximately 10 mm larger than the probe. The data acquired 

from fat and muscle tissues in the small sample region was 

compared with the fat and muscle data acquired in the large 

sample region. In Figure 8, the relative permittivity and 

conductivity values of the porcine tissue measurements are 

shown.  

While the relative permittivity values for the fat and muscle 

tissues match well with those reported in the literature, the 

conductivity values of porcine muscle do not match exactly 

with previously reported conductivity values [24], [34]. The 

difference in muscle conductivity between this study and the 

previous dielectric studies may be due to the fact that the 

measured sample was treated with preservatives, since the 

sample was not fresh but obtained from a local butcher. 

(a) 

 
(b) 

      

Figure 8. Measured relative permittivity (Figure 8a) and conductivity (Figure 

8b) from the heterogeneous porcine tissue sample composed of muscle and fat 
tissues. The measurements were performed in large and small approximately-

homogeneous regions of fat and muscle. In the plots, the solid lines show the 

average values calculated from five measurements on the large tissue regions, 
while, the dash-dotted lines show the measurements performed in the small 

tissue regions. The dotted lines indicate two standard deviations from the 

mean values for each measurement scenario. 

In the plots of Figure 8, the solid lines show the average 

values calculated from five measurements on the large tissue 

regions, while the dashed lines show the measurements 

performed in the small tissue regions. The dotted lines indicate 

two standard deviations from the mean values for each 

measurement scenario. From the relative permittivity and 

conductivity values in Figure 8, we observe that the data 

obtained from small approximately-homogeneous regions is 

within the range of values of the data obtained from large 

approximately-homogeneous regions. Therefore, we can 

conclude that the boundaries of the small region are not 

significantly impacting the measurement. In other words, the 

tissues surrounding the probe (i.e., outside the radius of the 

probe) do not affect the dielectric measurements. This result 

demonstrates that the probe histology radius is less than that of 

the small region, agreeing with the data presented above on 

non-biological materials. Thus, we have further confirmed that 

the histology radius is approximately as large as the probe 

radius. 

4.2 STUDY #2: DIELECTRIC PROPERTY 
DEPENDENCE ON MATERIAL DISTRIBUTION 

WITHIN THE HISTOLOGY RADIUS 

  

4.2.A SAMPLE WITH HETEROGENEITY IN LINEAR 
CONFIGURATION 

 In this section, we present the data obtained from the 

dielectric measurements performed on heterogeneous samples 

in linear configuration. In particular, we report only the data 

measured on the samples composed of materials having high 

contrast in relative permittivity, since the outcome is the same 

as for samples composed of materials having low contrast in 

relative permittivity. This choice is due to the ease in visually 

interpreting the plots containing data from high contrast 

samples. For low contrast samples, it is more difficult to 

visualise the relative permittivity values obtained from each 

single material.  

 In Figure 9, as an example, the results from Sample L1 are 

illustrated. The sample is composed of Phantom A (Material 

1; on the left side) and Phantom B (Material 2; on the right 

side). The measurements were performed on Phantom A at 

decreasing distances from the material interface, with three 

measurements taken at the material interface, and the other 

measurements were performed on Phantom B at increasing 

distances from the material interface. In Figure 9, and also in 

the following examples, only the relative permittivity plot is 

shown since the same trend is observed in conductivity. The 

values reported in the legend refer to the distances between the 

centre of the probe and the interface. For example, at the 

distance of 1.1 mm, one side of the probe is adjacent to the 

interface (since the probe radius is equal to 1.1 mm). As 

mentioned previously in Section 2.3.A, the distances are 

negative if the probe is positioned on the left material, and 

positive if the probe is positioned on the right material. In the 

plot, the relative permittivity data from the interface 

measurements are dash-dotted. Among the interface traces, the 

blue trace refers to the measurement performed at the 

interface, but with the probe positioned such that the majority 

of the surface of the probe tip is in contact with the low 

permittivity phantom (Phantom A). The green trace refers to 

the measurement performed at the interface with the probe 
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positioned such that the majority of the surface of the probe tip 

is in contact with the high permittivity phantom (Phantom B). 

Lastly, the red trace refers to the measurement performed at an 

intermediate distance between those at which the blue and red 

traces were acquired, i.e., with the probe approximately 

equally positioned over both materials.  

 Furthermore, in Figure 9 the traces from measurements 

performed at 1.1 mm distances between the probe centre and 

the phantom interface are shown (dashed). The 1.1 mm 

distance measurement performed on Phantom A matches those 

performed at larger distances, i.e., when the probe is further 

from the interface. In particular, the differences of dielectric 

measurements from Phantom A are within the measurement 

uncertainty. The 1.1 mm distance is of note since it is at this 

distance at which the side of the probe is flush with the 

interface. Alternatively, the relative permittivity values from 

the measurement performed on Phantom B at 1.1 mm distance 

are slightly lower than those obtained at larger distances. 

However, no trend is observed in the data acquired from the 

Phantom B. In order to further examine this result, we next 

verify if the variability in Phantom B measurement was related 

to the measurement uncertainty. 

Figure 9. Measured relative permittivity from Sample L1, composed of a 

linear configuration of Phantom A (left material) and Phantom B (right 
material). The measurements were performed with the probe over small 

increments in distance from the low permittivity (Phantom A) to the high 

permittivity phantom (Phantom B). The traces from measurements performed 
at distances ±1.1 mm between the probe centre and the interface are dashed. 

The three measurements performed at the phantom interface are dash-dotted: 

the blue trace refers to the measurement performed at the interface when the 
probe position is closer to Phantom A than to the Phantom B; the green trace 

refers to the measurement performed at the interface when the probe position 

was closer to Phantom B than to Phantom A; and the red trace refers to the 

measurement performed at an intermediate distance between the ones at which 

the blue and red traces were acquired.  

In Figure 10, we compare the Phantom B measurements 

reported in Figure 9 with the measurements performed at five 

different points on the same phantom sample. In particular, in 

Figure 10, the mean and standard deviation of the relative 

permittivity, calculated across the seven Phantom B traces 

reported in Figure 9 (relative to measurements taken at 

distances from 1.1 to 10 mm between the probe centre and the 

phantom interface), are compared with the relative 

permittivity mean and standard deviation values calculated 

across five different point measurements on Phantom B. Since 

the two calculated mean and standard deviation values are 

directly comparable, the data confirms that the high variation 

in Phantom B is indeed related to uncertainty associated with 

measuring the phantom material. In other words, Phantom B is 

not perfectly homogeneous due 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 [32], [35].  However, the data 

collected with the probe close to the interface and far from the 

interface are consistent with each other. We note also that the 

rubber-based phantoms, shown in both Figure 9 and Figure 10, 

cannot mimic biological tissues perfectly, since at frequencies 

above 12 GHz their relative permittivity traces do not follow a 

descending trend as relative permittivity traces of biological 

tissues do. This behaviour could be due to the quality of 

rubber or graphite powder, or to fabrication issues [35]. 

The results from these sets of experiments not only confirm 

the outcome of the histology radius study presented in Section 

4.1, but are also consistent with the experimental outcome in 

Hagl et al [21]. In fact, in [21], 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 

boundary materials having radius of curvature larger than that 

of the probe outer conductor. 

 

 

 

 

 

Figure 10. Relative permittivity mean and standard deviation calculated 
across the measurements on Phantom B traces reported in Figure 9 (blue 

traces) and relative permittivity mean and standard deviation values calculated 

across five different point measurements on Phantom B (red traces). The mean 

values are reported in solid lines, where the standard deviation values are in 

dotted lines. 

Next, in order to qualitatively estimate the contribution of 

each material to the measured dielectric properties, for each 

linear configuration sample, we compare the mean values of 

the measurements performed at the sample interface with the 

mean relative permittivity value obtained by averaging the 

individual relative permittivity values of Material 1 and 

Material 2, respectively. In Figure 11, we report data from 

dielectric measurements performed at five points on three 

different locations on Sample L1: on Phantom A, on Phantom 

B, and at the interface. In this plot, the relative permittivity 

mean values calculated across the five points at each 
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measurement location are plotted.  We also compare the mean 

relative permittivity value of the interface measurements with 

the mean relative permittivity value obtained by averaging the 

individual relative permittivity values from the separate 

Phantom A and Phantom B measurements.  

From Figure 11, it is found that the difference between the 

measured mean relative permittivity at the interface and the 

calculated mean relative permittivity is small, at 5%, for 

Sample L1. Specifically, the difference between the measured 

and calculated mean relative permittivity is higher at 

frequencies above 10 GHz due to Phantom B heterogeneities, 

which result in a measurement standard deviation that is larger 

at higher frequencies (as is clear from Figure 10). However, 

the average percent difference is within the standard deviation 

of the phantom measurements. Similar differences have been 

found across all of the heterogeneous samples in linear 

configuration, regardless of the permittivity contrast of the 

materials. Further results from the dielectric measurements on 

porcine tissue are reported in [36], and are also in agreement 

with these findings.  Thus, from the analysis of the data 

obtained in each set of experiments, for each linear 

configuration sample, it has been observed that the two 

materials within the histology radius contribute equally to the 

dielectric properties measured at the material interface, 

regardless of material properties or contrast.  
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Figure 11. Plot of the relative permittivity mean values calculated across five 

measurements, each on Phantom A, Phantom B, and interface (for Sample 

L1). The relative permittivity values from the interface are approximately 
midway between those of Phantom A and Phantom B and are very close to the 

values calculated by averaging the Phantom A and Phantom B relative 

permittivities. 

 

4.2.B SAMPLE WITH CIRCULAR HETEROGENEITY 
CONFIGURATION 

In this section, we discuss the data obtained from the 

dielectric measurements performed on heterogeneous samples 

in a circular configuration. Three measurements, each one 

after a different calibration, were performed on the four 

different heterogeneous samples with circular configurations. 

While, for heterogeneous samples in linear configuration, the 

measured dielectric properties were consistent across all the 

samples (regardless of the permittivity contrast of the 

materials), from the measurements performed on concentric 

samples, we observed that the measured dielectric properties 

changed based on the dielectric properties of the constituent 

materials within the histology radius. In Figures 12 and 13, we 

show the results from the concentric samples C1 and C3, 

respectively. Both samples are composed of 1.5 mm diameter 

inner material, which occupies 46% of the histology region by 

volume. The inner material of Sample C1 is saline, while the 

inner material of Sample C3 is PLA. The outer materials are 

Teflon and saline, respectively for Samples C1 and C3. In 

particular, in the two figures, we compare the measured 

relative permittivity to that estimated based on the material 

composition within the histology radius (taken as 1.1 mm, 

from Section 4.1). In each plot, we also report the relative 

permittivity of the two individual materials constituting the 

concentric sample. In both figures, the 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, we note a 

high variation in the measurement performed on Sample C1, 

having 1.5 mm diameter saline as inner material and, thus, 

composed of 46% saline and 54% Teflon. This measurement 

variation 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 Figure 12, the mean relative permittivity 

values obtained across the measurements on Sample C1 (green 

solid trace) are similar to the calculated relative permittivity 

values (green dashed trace). On the other hand, in Figure 13, 

the mean relative permittivity values obtained across the 

measurements on Sample C3 (green solid trace) are 63% 

different from the estimated relative permittivity values (green 

dashed trace) and are very close to PLA relative permittivity 

values. Thus, while the dielectric properties of Sample C1 are 

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 C3 have both an inner material that occupies the same 

volume within the histology region, the inner material of 

Sample C3 has significantly more impact on the measured 

dielectric properties. This finding is consistent with the 

electric field propagation across the probe tip, since the 

electric field intensity is higher in the region of the probe inner 

conductor.  

Furthermore, this outcome was confirmed by the 

measurements on Samples C2 and C4, which both have inner 

material diameter of 2 mm. In fact, measurement values from 

Sample C2, in which the inner material is saline, were close to 

the values estimated based on the material composition within 

the histology radius. However, measurement values from 

Sample C4, with inner material PLA, were 43% different from 

the estimated values and close to those of PLA.  
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Figure 12. Plot of the relative 
permittivity mean, minimum and 

maximum values over three measurements each on 100% Teflon, 100% 
saline, and a heterogeneous sample of 46% saline 54% Teflon (Sample C1 in 

circular configuration). The relative permittivity values from the Sample C1 

are halfway between those of Teflon and saline and are similar to the relative 
permittivity values calculated based on the material composition within the 

histology radius.  

 

Figure 

13. 
Plot 
of 

the 

relative permittivity 

mean, minimum and maximum values calculated across three measurements 
on 100% Teflon, 100% saline, and a heterogeneous sample of 46% PLA 54% 

saline (Sample C3 in circular configuration). The relative permittivity values 

from the sample are similar to those of PLA but very different from the 
relative permittivity values calculated based on the material composition 

within the histology radius. 

Finally, we can conclude that the inner material of 

concentric samples has higher impact on the measured 

dielectric properties when the relative permittivity of the inner 

material is low in magnitude. Alternatively, if the relative 

permittivity of the inner material is high, then both materials 

in circular configuration contribute approximately 

proportionally to the measured dielectric properties. 

Therefore, the dielectric properties of concentric 

heterogeneous materials depend on the spatial distribution and 

dielectric properties of each constituent material within the 

histology radius. This finding is particularly noteworthy as in 

all known dielectric studies, the contribution of a constituent 

tissue to the dielectric properties has 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 dielectric 

contribution of each constituent material based on the material 

permittivity and spatial distribution within the interrogated 

region.  

5 NUMERICAL VALIDATION OF 
EXPERIMENTAL RESULTS  

In this section, we present the data obtained from the 

numerical simulations that were performed in order to validate 

the experimental results. 

 First, to confirm the size of the maximum histology radius 

(outcome from Study #1), the set of measurement scenarios 

illustrated in Figure 2 (Section 2.1) were simulated in a 2D 

axially-symmetric environment. The distribution of the 

electric field across the probe tip and the interrogated sample 

at 0.5 GHz is shown in Figure 14. The magnitude of the 

electric field in V/m is only shown at 0.5 GHz, the lowest 

frequency of the measurement and simulation range, since the 

electric field penetration (and thus the histology region) is 

maximum at the lowest frequency. In particular, in Figure 14, 

adjacent to the symmetry axis marked in red, the half cross-

section of the probe (having 1.1 mm radius and consisting of, 

from the left, 0.25 mm radius inner conductor, 0.5 mm width 

insulator, and 0.35 mm width outer conductor) in contact with 

saline surrounded by Teflon is shown. In the model, the probe 

was placed in contact with saline after testing that different 

immersion depths of the probes provided equivalent results. In 

Figure 14, the radial distance of 1.25 mm is marked with a 

black solid line, since it is the minimum radius of saline used 

in both measurement and simulation scenarios. As is clear 

from the figure, the magnitude of the electric field at 0.5 GHz 

at distances beyond 1.25 mm is negligible relative to the 

magnitude that exists at distances within 1.25 mm. 

Specifically, the magnitude of the electric field decays by 50 

dB within the radial distance of 1.25 mm. This numerical 

outcome confirms that the maximum histology radius is 

approximately as large as the probe radius.  

   Furthermore, the simulation results shown in Figures 15 and 

16, validate the experimental results from Study #2 involving 

heterogeneous samples with linear and circular 

heterogeneities, respectively.   



 

 
Figure 14. Contour plot of the electric field magnitude (V/m) at 0.5 GHz of 

the simulated slim form probe in contact with saline surrounded by Teflon. In 
the simulation, a simplified 2D axis-symmetric model was used and, in the 

plot, radial and axial distances are shown in mm horizontally and vertically, 

respectively. The symmetry axis is the vertical line in red on the left. To the 
right of the symmetry axis, is the half cross-section of the end of the probe 

(having 1.1 mm radius and consisting of, from the left, 0.25 mm radius inner 

conductor, 0.5 mm width insulator, and 0.35 mm width outer conductor) and 
the interrogated sample (saline). The radial distance of 1.25 mm, which is the 

minimum radius of saline used in both measurement and simulation scenarios, 

is marked with a black solid line. It is clear that the magnitude of the electric 
field at 0.5 GHz at distances beyond 1.25 mm is minimal, suggesting that the 

histology radius is about as large as the probe size. 

 

Figure 15. Converted relative permittivity from the simulated S11 obtained 

from a model of Sample L1, composed of a linear configuration of Phantom A 

(left material) and Phantom B (right material). The simulations replicate the 
measurement scenarios shown in Figure 9. Specifically, the results from the 

simulations performed with the centre of the probe located at discrete 

distances from the phantom interface, -10 mm, -1.1 mm, 0 mm, 1.1 mm and 
10 mm, are plotted. Negative distances refer to simulations where the probe is 

placed on Phantom A, while positive distances refer to simulations where the 

probe is placed on Phantom B. Traces from simulations performed at 
distances ±1.1 mm (with the probe flushing with the phantom interface) are 

dotted and overlap the solid traces from the simulations performed at 

distances ±10 mm. The green solid trace is from the simulation performed 
with the probe centre lined up with the phantom interface, and is compared 

with the trace of the mean relative permittivity values estimated by averaging 

the relative permittivity values of Phantom A and Phantom B. 

Specifically, in Figure 15, we report the results from 3D 

simulations performed on sample L1, composed of side by 

side rubber-based phantoms, with the centre of the probe 

located at discrete distances from the phantom interface: -10 

mm, -1.1 mm, 0 mm, 1.1 mm and 10 mm. As in Figure 9, the 

distances are negative if the probe is positioned on the left 

material (Phantom A with low relative permittivity), and 

positive if the probe is positioned on the right material 

(Phantom B with high relative permittivity). Specifically, at 

the distance of 0 mm the centre of the probe aligns with the 

phantom interface, and at the distances ±1.1 mm, one side of 

the probe is adjacent to the interface (since the probe radius is 

equal to 1.1 mm). Also, in the plot of Figure 15, the mean 

relative permittivity obtained by averaging the relative 

permittivity values of Phantom A and Phantom B is compared 

with the relative permittivity from the simulation performed at 

the phantom interface. In Figure 15, the relative permittivity 

traces obtained from the simulations confirm not only that a 

material out of the probe radius (at distances equal or higher 

than the probe radius) does not have any dielectric impact on 

the acquired signal, but also that two side by side materials 

provide equal dielectric contribution to the acquired  signal. 

Figure 16 summarises the simulation results validating the 

experimental findings obtained from the concentric samples 

C1 and C3, with the only difference that PLA in C3 has been 

replaced with Teflon. In this way, both samples C1 and C3 are 

composed of the same materials, Teflon and saline, but 

inversely arranged. As is clear from Figure 16, the relative 

permittivity from the simulated sample with saline as inner 

material (green dotted line) is approximately 25% from the 

relative permittivity estimated based on the material 

composition within the histology radius (green dash-dotted 

line). On the other hand, the relative permittivity from the 

simulated sample with Teflon as inner material (orange dotted 

line) is almost equivalent to that of Teflon alone, and 

approximately 50% different from the relative permittivity 

estimated based on the material composition within the 

histology radius (orange dash-dotted line). Thus, this set of 

simulations confirms that the relative permittivity acquired 

from a concentric sample is not always linearly proportional to 

the percent volume occupied by the constituent materials. 

Specifically, the acquired dielectric signal is dependent on the 

dielectric properties of the inner material, which has a much 

higher dielectric impact than the outer material on the acquired 

signal, 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 46% saline 54% Teflon sample (plotted 

with a green dotted line in Figure 16) is approximately 25% 

different from the measured mean permittivity (plotted with a 

green solid line in Figure 12). This relative permittivity 

difference between measurements and simulations can be 

attributed to the measurement challenge of positioning the 

probe centre exactly in the centre of the Teflon aperture.    

Overall, this investigation has demonstrated that the 

numerical outcomes are consistent with the experimental 

findings.  
 

 



 

 

 

Figure 16. Plot of the relative 

permittivity values obtained from simulations performed with the following 
samples: 100% Teflon, 100% saline, 46% saline 54% Teflon (Sample C1 in 

circular configuration), 46% Teflon 54% saline (Sample C3 in circular 

configuration, with Teflon replacing PLA). The relative permittivity traces 
from the Sample C1 and C3 (plotted with dotted green and orange lines, 

respectively) are compared with the relative permittivity traces estimated 

based on the material composition within the histology radius of Sample C1 
and C3 (plotted with dash-dotted green and orange lines, respectively). While, 

for Sample C1, the estimated relative permittivity trace is about 25% 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. 

6 DISCUSSION AND CONCLUSION 

This study investigated the histology radius, a key 

confounder in the dielectric measurement of heterogeneous 

tissues. In particular, with this work we demonstrated that the 

maximum histology radius for the slim form probe is 

approximately equal to the probe size (diameter of 2.2 mm). 

This outcome was confirmed by a number of measurements 

performed on materials including tissue-mimicking phantoms 

and porcine biological tissues and was further validated 

through numerical simulations. The histology radius estimated 

in this study is significantly smaller than the radial dimension 

of the histology region analysed historically [17], [18]. For 

instance, while the size of the probe used in [17] and [18] is 

the same as that of the probe used in this study, the radius of 

the tissue sample analysed histologically was 3.5 mm in [17] 

and 5 mm in [18], whereas the study here suggests that the 

radius should not exceed 1.25 mm (i.e., the size of the largest 

Teflon aperture). This outcome is relevant for the 

interpretation of the dielectric properties measured from 

heterogeneous tissues with a slim form probe, since it defines 

the maximum radial extent of the region that will undergo 

post-measurement histological analysis. Although this finding 

is only valid for the Keysight slim form probe due to the fact 

that the histology radius changes based on the probe geometry 

and design, the experimental and numerical methodology can 

be replicated to calculate the maximum histology radius of any 

probe. 

After identifying the maximum histology radius, we 

evaluated how each constituent material within the histology 

radius contributes to the measured dielectric properties. 

Dielectric measurements were performed on several well-

characterised and well-controlled heterogeneous samples. 

Heterogeneous samples were constructed in two types of 

configurations, namely, with linear heterogeneity and with 

circular heterogeneity in the radial direction. Samples with 

linear heterogeneity configuration were composed of two side 

by side materials and samples with circular configuration were 

composed of two concentric materials. Both measurements 

and simulations confirmed that the acquired dielectric 

properties depend on the spatial distribution of the constituent 

materials. In particular, the dielectric properties measured on 

samples with linear configurations were proportional to the 

volume occupied by each constituent material. Alternatively, 

concentric heterogeneities have a different impact on the 

measured dielectric properties, and the material contribution in 

turn depends on the dielectric properties of the constituent 

material. For instance, the inner material has a significantly 

higher impact, approximately 50% higher than the outer 

material, on the measured dielectric properties if it has lower 

permittivity. If the inner material has high permittivity, the 

material dielectric contribution tends to be proportional to the 

percent volume occupied by that material within the sample. 

From these results, it is clear that the weights for dielectric 

contribution do not always correspond well with the volume 

occupied by the constituent materials. Therefore, for samples 

with circular heterogeneities, making the assumption that the 

volume occupied by a tissue type is equivalent to its dielectric 

contribution can lead to significant errors. 

In summary, these findings regarding the histology radius 

represent the basis for quantitative studies aimed at 

determining how the histology radius varies with the dielectric 

properties of the materials within the interrogated sample. 

Further studies including experiments and numerical 

simulations with geometrically more complex samples are 

necessary for the development of a mathematical model that 

supports the dielectric characterisation of heterogeneous tissues 

through histological analysis. This type of foundational work 

promises to result in more reliable and consistent dielectric data 

to support efficient and effective design of EM-based medical 

technologies. 
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