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Abstract— Open-ended contact probes have been widely utilized in laboratory environment
to quantify the dielectric properties of high permittivity and lossy materials such as biological
tissues and other lossy liquids. At microwave frequencies, the dielectric properties of biologi-
cal tissues have been quantified with open-ended contact probes method with the motivation of
building microwave diagnostic and therapeutic technologies. The method is preferred to other
microwave dielectric property measurement techniques due to broadband measurement capabil-
ities and minimal sample preparation requirements. However, the measurement procedure is
cumbersome and the measurements tend to be error-prone. The commercial probes can have
error rates as high as 5% and it can increase with the cable movements, calibration degradation,
and probe wear-off. Although the technique is powerful and able to measure the inherent dielec-
tric property discrepancy between different tissues the applications are confined to laboratory
use. To explore the true potential of this technique and enable the transition of this technique to
a diagnostic technology, there is a need to improve the technique and analyze the performance
in a layered heterogeneous medium. In this work, we performed simulations and measurements
with open-ended contact probes having different aperture diameters. The probes are built with
copper and Teflon sandwiched between inner and outer conductors. Measurements with open-
ended coaxial probes are performed on layered medium emulating the dielectric properties of the
biological tissues to analyze the sensing depth and sensitivity of four in-house fabricated open-
ended coaxial probes. An in-house algorithm is utilized to retrieve the dielectric properties of the
mediums utilized during this study.

1. INTRODUCTION

Dielectric properties of biological tissues at microwave frequencies have long been of interest to
researchers for developing medical diagnostic, monitoring, and therapeutic technologies such as
microwave imaging and ablation [1, 2, 3]. Furthermore, these properties are of utmost importance
not only for the early design stage of medical devices, but also for test stage. Therefore, the accurate
knowledge of dielectric properties is critical for development of new medical devices. Thus, many
researchers have focused on expanding the dielectric property database of biological tissues in the
past decade. In order to measure the dielectric properties of biological tissues, among other methods
open-ended coaxial probe has been employed due to the advantages the technique including the
broadband measurement capability and flexible sample size requirements. The minimal sample
preparation requirement of the technique enables the non-destructive measurement capability which
led the researchers to prefer this method for in-vivo measurement of biological tissues[4, 5]. Even
though utilizing open-ended coaxial probes has a number of advantages, the technique suffers from
equipment-related, tissue-related and other measurement errors [6]. Equipment-related errors can
stem from the probe, cable, connectors, and drift introduced by the S-parameter measurement
unit [6]. Tissue-related errors result from the change in temperature of the sample, probe-sample
contact, probe-sample pressure, in vivo versus ex vivo experiments, sample handling procedure,
tissue sample properties, and heterogeneity [6]. Additional errors can be introduced by the end-
user an example is error stemming from the calibration. Since obtaining accurate dielectric property
measurement is crucial, effect of aforementioned error sources should be minimized.For example, the
probe-sample contact and the heterogeneity of target tissue can be controlled by using appropriate
probe types. To overcome this challenge, the contact can b ensured by using flange-free probes and
for heterogeneous tissues only targeted tissue can be included inside the probe sensing volume via
utilization of probed with small apertures [6, 7].

Sensing depth have been analysed in the literature. In [8], a 2.2 mm diameter slim form probe
from Agilent Technologies (Santa Clara, CA) was utilized to examine dielectric properties of two-
layered structure composed of background liquid and a planar piece of Teflon. The dielectric
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properties measurement has been performed over the frequency range of 100 MHz 8.5 GHz with
100 MHz intervals. The experiment has been operated by locating Teflon cylinder 0.0, 0.175, 0.325
and 2.0 mm from the probe surface. During the measurements probe was in direct contact with
Teflon, the measured dielectric properties equaled to pure Teflon properties. When the separation
between the probe tip and Teflon cylinder was about 0.2 mm, the dielectric property measurement
showed approximately 50% dielectric properties of the intervening fluid. After the separation
increased to 0.5 mm, the measured properties reflected almost 90% of the liquid. The result of [8]
presents that the most effective sensing volume for dielectric measurement with 2.2 mm diameter
slim form probe is the first 200-400 microns of distance from the probe tip. In [9], the penetration
depth has been investigated by performing experiment with probes named S15 and M25 two Delfin
Technologies probes of diameters 18 mm and 21 mm respectively. The measurement system was
composed of water tank and acrylic cylinder, and the dielectric properties have been measured at
300 MHz. In this study, the penetration depth has been defined as a margin where the permittivity
values are equal to almost 75% of actual water properties instead of acrylic cylinder properties.
The measured penetration depth for S15 and M25 were 1.84 mm and 2.74 mm, respectively. In
[10], the minimum breast tissue sample size that would have to be surgically resected to obtain
the correct dielectric properties for a given probe size has been examined. For this reason, 2.2 mm
and 3.58 mm diameter flange-free coaxial probe have been utilized to measure dielectric properties
of liquid tissue simulants, which are ethanol, methanol and water, in the frequency range 1 to 20
GHz. In order to analyze sensing volume, the measurements have been performed at distances
away from the side of the beaker in the radial direction range of 0.0 to 10.0 mm with 1.0 mm
increments. The sensing depths for 2.2 mm diameter probe have been determined 0.75-1.0 mm,
1.0-1.5 mm and 1.5 mm for ethanol, methanol, water, respectively. For 3.58 mm diameter probe
has 1.25-1.5 mm, 2.25 mm, 2.5-3.0 mm sensing depths for ethanol, methanol, water, respectively.
In [11], it has been aimed to minimize uncertainties in the dielectric measurement due to the
longitudinal heterogeneities by analyzing correspondence between size of tissue in a specimen and
effect of that tissue to dielectric properties measurement. In the experiment, 2.2 mm diameter slim
form probe from Keysight Technologies (Santa Rosa, CA) has been utilized to measure dielectric
properties of samples, which were deionized water, physiological (0.9%) saline, acrylic, a rubber-
based tissue-mimicking phantom, porcine muscle, porcine fat, and duck fat. The measurements
have been performed for the sample in different thicknesses from 0.0 mm to 13.93 mm over the
frequency range 300 MHz to 8.5 GHz. For 2.2 mm slim form probe, histology depth has been
investigated through five different scenarios at two different frequency point. Only two scenarios
were constituted fully biological tissues which were duck fat-porcine muscle and duck fat-porcine
fat. The results of these scenarios have showed histology depth are for duck fat-porcine muscle
2.776 mm and 2.750 mm at 300 MHz and 8.5 GHz respectively. Moreover, for duck fat-porcine fat
histology depth 3.646 mm and 3.588 mm at 300 MHz and 8.5 GHz respectively.

In this work, we aim to analyze how sensing depth has been effected from probes dimension dur-
ing the dielectric properties measurement via open-ended coaxial probe method. For this purpose,
three probes have been designed with different aperture sizes, and the thickness of upper layer has
been altered to analyze dielectric properties of two layered structure.

2. METHOD

CST Microwave Studio software (CST, Framingham, MA, USA) has been utilized to design the
slim form probes with 2.2 mm, 0.9 mm and 0.5 mm aperture diameters given in Table 1, and the
length of probes have been determined at 200 mm. The impedance of probes has been matched
at 50 Ohm. Furthermore, each probe has been simulated with two-layered structure which were
composed of upper layer skin tissue and a fixed Perfect Electric Conductor (PEC) 40mm lower
layer. The thickness of the upper layer is varied mainly within the range of 0.1 and 2mm with small
increments to evaluate the sensing depths of the probes. Furthermore, the two-layered structure
has been designed as a square with 17mm edges. The simulations have been performed over the
frequency range of 500 MHz to 2 GHz. The simulated probes have been calibrated with the standard
three-load calibration procedure: open circuit, short circuit, and a broadband load that is a liquid
with known dielectric properties generally distilled water is used in practice. In addition, since the
aperture sizes for 0.9mm and 0.5 mm are small, in order to have a better simulation results, the
mesh size properties. The simulation configuration is given in Fig. 1.

The obtained S-parameters from calibration and two layered structure have been applied in-
house algorithm to compute the dielectric properties. First order Debye parameters for skin tissue
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Figure 1: Coaxial Probe Geometry with two-layered structure from (a) topview, (b) sideview.

Table 1: Simulated three 50Ω probes dimensions
Inner Diameter (mm) Outer Diameter (mm) Dielectric Type εr

0.5 0.15 PTFE 2.1
0.9 0.28 PTFE 2.1
2.2 0.65 PTFE 2.1

Table 2: Debye parameters of skin tissue for two-layered structure
Material εr σ(S/m) τ(ps)

Skin Tissue 30.75 0.2 11.32

given in Table 2 has been utilized to simulate two-layered structure.

3. RESULTS

When measuring the dielectric properties of a two-layer structure, the results are produced by the
contribution of dielectric parameters in both layers. The measured sensing depth will be varied due
to altering the aperture size of probe and thickness of upper layer. To demonstrate the impact of
probe aperture size on sensing depth, we have been performed various simulations.

The results are illustrated in Fig. 2, 3 and 4 that relative permittivity and conductivity, respec-
tively, have been obtained from the simulated S-parameter results of the probes with 2.2 mm, 0.9
mm and 2.2 mm in aperture diameters. The dielectric properties have been retrieved for upper layer
thicknesses from 0.1, 0.2, 0.3,0.5 and 1.2 mm over the 500 MHz to 2 GHz bandwidth. In Fig. 2, the
thickness of the upper layer skin was simulated at 0.4, 0.6, 0.8, 1 and 2mm with a perfect electrical
conductor placed underneath skin to evaluate the sensing depth of the probe. An additional upper
layer skin simulation is added as a reference to the dielectric property of skin in which there no
perfect electrical conductor is placed under the skin. The thickness of the reference upper layer
skin is taken as 40mm for all three probes. For the 2.2mm probe, the results in show that, the
dielectric properties of the upper skin layer decreases as the thickness increases. Furthermore, the
upper layer skin thickness closest to the reference skin permittivity and conductivity is 2mm.

Similar simulation procedure is used for both 0.9mm and 0.5mm probes. Upper layer skin
thickness of 0.2, 0.4, 0.6 and 1mm for the 0.9mm probe and 0.1, 0.5, 0.7 ,0.9, and 1mm for the
0.5mm probe were simulated. The results in Fig. 3 and Fig. 4 show that the dielectric properties
of the upper skin layer decreases as the thickness increases for both the 0.9mm and 0.5mm probes.

In addition, the upper layer skin thickness closest to the reference skin permittivity and con-
ductivity is 1mm for the 0.9mm and 0.5mm probes respectively. To explain how the size of layer
in close proximity has the dominant influence on measured dielectric properties, we plotted Fig. 5
that shows the relative permittivity and conductivity as a function of upper layer thickness for a
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Figure 2: Obtained dielectric properties with 2.2 mm probe based on frequency for six different upper layer
thicknesses: 0.4, 0.6, 0.8, 1, 2 and 40 mm, respectively. (a) Relative permittivity and (b) conductivity.

Table 3: The thicknesses of skin tissue that can be achieved closest relative permittivity of two-layered
structure to homogeneous skin structured

Aperture Diameter (mm) Thicknesses (mm)
0.5 0.9
0.9 1
2.2 2

representative frequency 500 MHz.Fig. 5 shows the plot of the upper layer skin thickness against
the dielectric properties for the 2.2mm, 0.5mm and 0.5mm probes at 500MHz frequency. Since
the 2.2mm probe has a larger aperture compared to the 0.9mm and 0.5mm probes, in general it is
expected to have a higher sensing depth.
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Figure 3: Obtained dielectric properties with 0.9 mm probe based on frequency for five different upper layer
thicknesses: 0.2, 0.4, 0.6, 1 and 40 mm, respectively. (a) Relative permittivity and (b) conductivity.

The results from the Fig. 5 shows that at 0.1mm skin thickness, the 2.2mm has a higher permit-
tivity and conductivity than the 0.9mm and 0.5mm probes. Consequently, the 0.9mm probe has
a higher permittivity and conductivity than the 0.5mm. This results shows a good sensing depth
agreement.

4. CONCLUSION

Biological tissues are composed of a layer structure, and in particular, the skin tissue is an example
where it is difficult to detect dielectric parameters since each layer is very thin. Therefore, the
knowledge of dielectric properties of a multilayered structure is vital to develop a new medical
devices based on microwaves. In order to use for a variety of purposes that require a different
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Figure 4: Obtained dielectric properties with 0.5 mm probe based on frequency for seven different upper layer
thicknesses: 0.1, 0.2, 0.8, 0.8, 1, 2 and 40 mm, respectively. (a) Relative permittivity and (b) conductivity.
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Figure 5: Obtained dielectric properties with 2.2, 0.9 and 0.5 mm probes based on upper layer thickness for
two different frequency: 500 MHz. (a) Relative permittivity and (b) conductivity.

sensing depth, open-ended coaxial probes with different aperture sizes on two-layered structures
has been designed by using CST Microwave Studio software. Obtained S-parameters has been
run with in-house algorithm to acquire dielectric properties. In this paper, the main results of
simulations of an open-ended coaxial probes with 0.5 mm, 0.9 mm and 2.2 mm aperture diameters
on a two-layered structure has been demonstrated that the sensing depth can alter with probe
aperture size. The results of the study can be utilized to analyze the effect of a coaxial probe
dimension on the sensing depth.
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