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Abstract— The goal of this research is to investigate
microwaves penetration depth through polymorphic biological
tissues. This study aims to improve an existing sensor based
on a Complementary Split Ring Resonator (CSRR) structure,
designed to differentiate carotid artery atherosclerotic plaques.
Multilayered animal tissues (skin, fat, muscle) are studied to
characterize and simulate the neck composition, where the carotid
plaque is localized.

Keywords — microwave propagation, biosensor, penetration
testing, biological material

I. INTRODUCTION

Accurate properative identification of atherosclerotic
plaques components is a medical challenge [1], [2]. In this
objective, it is required to distinguish the composition of these
plaques across the neck composed of different layers.

Since the late 1990s, scientific research has attempted
to classify biological tissues via their dielectric parameters.
Nonetheless, no precise method or standard has been fixed
yet, particularly when characterzing multilayers of varying
thicknesses in-vivo [3], [4].

Measuring the tissue’s dielectric parameters and
penetration depth of the electric field is especially challenging
due to the scarcity of a designd and functioning measurement
approach.

In previous experiments, a microwave sensor was
developed for carotid plaques characterization [5], [6]. It is
based on a Complementary Split Ring Resonator (CSRR)
device [7] tuned to have a resonant frequency of 2.3 GHz
when unloaded. This circular resonator is designed on a FR4
substrate (g,, = 4.6, tand = 0.028) with an external diameter
of 9.08 mm.

This sensor is used here to determine the microwave
penetration depth in various biological tissues with different
thicknesses and dielectric properties. When loaded with
different samples, the resonant frequency shift of the CSRR
is obtained by measuring the transmission coefficient |Sa; (w)]
and by comparing it to the unloaded measurement. This
resonant frequency shift is induced by the sample’s properties.
Moreover, biological tissues generally present losses due to a
strong microwave absorption inducing more or less attenuation
of the electric field during its propagation through the sample.
In addition to the composition, the thickness of each layer
results in frequency variations, altering the measurement of

dielectric properties [3]. As a result, the penetration depth
through a multilayer structure of these tissues is extremely
intricate, and the properties of a buried layer are difficult to
extract.

In a first step, simulations of microwave propagation
with ANSYS-HFSS and CST in only one layer will be
considered (skin, fat) in order to extract dielectric parameters
and penetration depth of this layer; afterwards, a multilayer
with different thicknesses of these tissues will be simulated to
obtain a multilayer effective model. These simulations results
will be compared with experimental data obtained with the
sensor by measurements done on similar animal tissues.

This study aims to indicate electric field penetration depth
of this sensor when applied to the skin in order to characterise
atherosclerotic plaques in the carotid artery.

II. METHOD
A. Penetration depth estimation for homogeneous materials

Before assembling and investigating the multilayer
neck-model, each layer was studied respectively. The
multilayer model is a stack of a skin layer followed by a layer
of fat then a layer of muscle. The skin’s complex structure [8]
has been reduced to an epidermal layer and a layer of SAT
(Subcutaneous Fat); the SAT layer is represented in Fig. 1, the
dielectric constant of SAT is, in this case, more close to the
fat (not infiltrated properties), because of the dryness of the

samples.
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Fig. 1. Design of the simulated model



Table 1. Dielectric properties of biological tissues

Dlelectr.l ¢ Epidermis Dermis an.d Fat Muscle
properties hypodermis

el 38.5 5 5 54

tan ¢ 0.29 0.16 0.16 | 0.24

The penetration depth J,, was calculated for each material,
using the analytical formula (1) and the loss tangent
expression (2) [9]. This formula is effective for a planar wave
in a dielectric medium with losses :

1
by = — (1)
SV F VIR -1
tanéz%. (2)
w

o is the conductivity (S-m™!), tan & represents losses
in the tissue, w the angular frequency (rad-s" 1), ¢ =
(VZoro) ™! (ms™1) with &' = el.eg and pu = 1o (no magnetic
properties), po and €q are respectively vacuum’s permeability
and permittivity, /. the tissue’s dielectric relative permittivity.
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Fig. 2. Penetration depth for various biological tissues in the range 1 GHz —
4GHz

Fig. 2 demonstrates the application of this formula for
various biological tissues, showing the variation of the
penetration depth in the sensor’s frequency range. The values
of &, and tan ¢ are extracted from the IT’IS virtual population
database [10].

These values are indicative, as they do not consider the
sensor’s type, and are calculated for far-field situations.

In order to evaluate the penetration depth for each layer,
a simulation model reproducing the experimental setup and
shown in Fig. 1 was built using Ansys’ HFSS software. The
simulation model allows an easier estimation of the penetration
depth, as the geometry of the tested sample can be arbitrarily
resized, and various elements can be measured, such as the
electric field around the sensor. For a single homogeneous
layer, we consider that the maximum penetration depth is
reached when between two consecutive thickness changes,
the variation of the resonant frequency of the transmission
coefficient |S2; (w)] is below 10 MHz. The same method can
be applied to the |S1;| parameter [11].

In these simulations, injected source power is fixed
at 0dBm, but doesn’t influence the results on scattering
parameters as the simulation is mode-based with normalized
results. In an experimental situation, different power sources
will be tested to assess whether this create differences in
measured parameters.

This method is illustrated in Fig. 3.
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Fig. 3. Variation of the |S11]| and | S21| parameters depending on the fat layer
thickness

Here, the frequency shift is limited by the sensor, as Sa2;
and S7; parameters are getting closer. This phenomena can be
identified as the sensor’s saturation, which limits the layer’s
thickness measurement, as the frequency shift is thus not linear
and tends faster to zero as the thickness increases. Table. 2
exhibits simulated penetration depth for various tissues with
the CSRR sensor.

Table 2. Sensor’s penetration depth limitations

Max.
. Freq.
Resonant. penetration .
. shift |S21|aB
Tissue freq. @ 1mm | depth @ A (dB)
(GHz) Ap P
(mm)
(mm)
Epidermal |, , 6 94 ~3.1
skin
Fat 1.9 10 67 —10.7
Muscle 1.3 8 90 -3.1

B. Bilayer stack characterization from sensor’s data

Multilayer assessment is more complex as the sensor only
provides a single set of scattering parameters, leading to a
single, averaged relative permittivity ¢,,,. In order to scale
up to a multilayer stack of biological tissues, it is necessary
to find a way to estimate each layer thickness and dielectric
permittivity from global averaged values. It is possible to
estimate the global relative permittivity €;.,, for two adjacent
planar layers using the relation (3) given in reference [12] for
relatively thin layer thicknesses. Then a very simple two-layer
model was assumed as shown in Fig. 4 :
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Fig. 4. Bilayer model

Before assessing this bilayer model, waves propagation
through all layers must be ensured. This is done by comparing
the measured transmission coefficient |Sa1(w)| with the one
measured for the single layer samples. When the curves are
identical or very close, it is hypothesized that the waves are
either absorbed by the second layer or just don’t pass from
the first layer to the second. When the curves are different, the
dielectric properties of the second layer is taken into account.

It should be then possible to extend this model to multilayer
stacks in a recursive manner: the third layer can be added by
considering the relative layer formed by the two firsts, and
applying the formula again.

C. Layer height and penetration depth estimation using the
electric field

The formula expressed in (3) only works to uncover the
stack’s constitution, knowing each layer’s thickness — other
measures will confirm this approach. An other method has
been attempted in simulation, by inspecting the electric field
along the axis normal to the sensor’s center, from a sufficient
distance to cover the tested sample and the environmental
air (at least a distance of \/2, i.e. about 7cm here). At the
interface between two layers, microwave diffraction occurs
introducing a discontinuity in the electric field (Fig. 5). The
position of these peaks give an estimation of the crossed layer
thickness. The precision of the interface position can depend
on the difference of the permittivity of the two adjacent media.
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Fig. 5. Layer thickness estimation using the simulated electric field at f =
2 GHz

The electric field could also be used to get the penetration
depth. Recalling the electric field for a planar wave with losses:

E(z) =Eq - e, )

for two given points if we consider £y = |E(z1)| and
E5 = |E(z2)], and by manipulating the equation (4), we can
extract the penetration depth Jy:

Z9 — 21
B ®)

op =

The formula could be applied between Ms and My to

estimate the hypodermis and dermis (fat) penetration depth,

after the wave propagated through the epidermis layer. Results
are summarized in table Table. 3.

Table 3. Simulated penetration depth using the electric field for the bilayer
model

. Extracted | Penetration
Layer Model thickness thickness | depth J,
(mm)
(mm) (mm)
Epidermis 0.9 1 N.A.
Hypodermis |, 5, 3 8.33
and dermis

Measured layer thicknesses from the simulated electric
field are close from the input data, with some rounding error
from the layer’s interface issue. The penetration depth for
hypodermis and dermis layer (fat) is given at , ~ 8.33 mm,
against 10mm for the monolayer study done in Table. 2.
Results are coherent as the first layer reduces the effective
penetration depth for the second layer.

II1. EXPERIMENTAL RESULTS
A. Skin layer

The skin layer has a 3.4mm thickness and was
approximated by two main layers of epidermis and fat. The
epidermal layer had a dielectric constant of £,; = 38.5,
tan d; = 0.29, while the SAT layer had €, = 5 to 5.3 and
tan 52 = 0.16.

By using (3) and by varying d;, the best fit to the curve
in Fig. 6 is obtained with: d; = 0.9mm, do = 2.54mm,
with &,,, = 14 and tan §,, = 0.22, which is close to the
measurements in Table. 4. The epidermis represents 0.1 mm
to 1 mm of the skin’s constitution, and assuming the remaining
composition, this evaluation gives coherent values and allows
us to characterise the tested skin sample.
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Fig. 6. Comparaison of the measured |S21| against simulation for a skin
(epidermis, hypodermis and dermis) sample



B. Skin and fat multilayer stack

One other measure has been made using a 1.71mm
thick skin sample, with a 0.9mm thick epidermis and a
superimposed 5.34 mm thick fat sample. The total thickness is
7.06 mm. By adjusting the HFSS simulation model, the fitting
curve is reached for a total thickness of 6.4 mm, giving insights
on the effective penetration depth. Results are shown on Fig. 7,
and summed up in Table. 4.
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Fig. 7. Comparaison of the measured |S21| against simulation for a complete
skin (epidermis, hypodermis and dermis) and fat sample

Table 4. Sensor’s penetration depth limitations

Measured Theorical Depth
Layers

e | tand | &, tan § | (mm)
Skin 14 | 0.28 14.25 | 0.28 34
Skin+Fat | 10 | 0.25 9.97 0.246 | 6.4

IV. CONCLUSION

The aim of this study is to build a set of tools allowing to
assess a CSRR sensor ability to see through the constitution
of a multilayer biological sample. Monolayer evaluation shows
that the penetration depth is limited by the sensor’s saturation
phenomena, which could be attenuated by lowering its resonant
frequency. Multilayer characterisation is made possible by
computing the equivalent permittivity of the sample, knowing
its geometry. A method of unveiling the sample’s geometry
using the electric field gives promising results, but needs
further refinement. The penetration depth could also be
extracted from it, giving coherent results from the monolayer
ones, and rising the fact that the penetration depth is limited
by foregoing layers.

Upcoming work will be focusing on expanding the
measurement database, hopefully with fresh extracted
biological samples to come closer to in-vivo conditions. A
muscle layer is missing to current results. A better simulation
model will be created to simulate multilayer samples more
accurately, as current simulation results for more than two
layer samples gives incoherent results against measurements.
The sensor’s performance will be improved by adjusting its
geometry and/or substrate to lower its resonant frequency,
thus increasing its penetration depth.
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