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ABSTRACT The microwave sensing technique is a possible and attractive alternative modality to standard
X-rays, magnetic resonance imaging, and computed tomography methods for medical diagnostic appli-
cations. This technique is beneficial since it uses non-ionizing radiation and that can be potentially used
for the microwave healthcare system. The main purpose of this paper is to present a microwave sensing
technique to analyze the variations in biological tissue thickness, considering the effects of physiological and
biological properties on microwave signals. In order to fulfill this goal, we have developed a two-port non-
invasive sensor system composed of two split ring resonators (SRRs) operating at an Industrial, Scientific,
and Medical (ISM) frequency band of 2.45 GHz. The system is verified using the amplitude and phase of the
transmitted signal in ex-vivo models, representing different tissue thicknesses. Clinical applications such as
the diagnosis of muscular atrophy can be benefitted from this study.

INDEX TERMS Microwave sensors, split ring resonators (SRRs), signal loss, biomedical applications,

muscular atrophy, sarcopenia.

I. INTRODUCTION

The outcomes of low muscle mass are often dismal and
include more surgical complications, prolonged hospital
stays, poorer physical function, lower quality of life, and
a reduced lifespan. In secondary care such as geriatric and
home care, the quality of life of aging people is hampered
by a decline in muscle mass, with an increased risk of
falling, increased morbidity from diseases, and a decreased
life expectancy. A recent systematic review studying popu-
lations aged over 50 revealed a prevalence of 1-29 % among
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community-dwelling populations, 14-33 % among long-term
care populations, and 10 % among the acute hospital-care
population [1]. The decline of muscle mass (sarcopenia) is
recognized as a significant medical risk factor for mortality
and morbidity. The total number of people with sarcope-
nia in Europe was calculated to increase from 19.7 million
in 2016 to more than 32 million in 2045 [2]. Sarcopenia can
be prevented or treated by physical activity and nutritional
intervention.

Although these interventions are cost-effective, the condi-
tion has to be diagnosed before any treatment can be initi-
ated and continuously optimized based on the patient’s body
composition and treatment profile. In several widely adopted
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definitions, bioimpedance, ultrasound, computed tomogra-
phy (CT) scanning, and muscle function determined by
mobility tests or strength tests are all used. None of these
tests show high accuracy or reproducibility, leading to under-
diagnosis of sarcopenia. Bioimpedance technique depends
on the electrolyte present in the body fluids, which can
vary highly depending on the hydration level of the patient.
CT scanning, on the other hand, uses ionizing X-ray radia-
tion and is not suitable for frequent use. Ultrasound results
are largely operator-dependent; therefore, it is difficult to
obtain objective and quantitative results for muscle variations.
In addition, all current aforementioned approaches can be
bulky and costly to enforce, and there is often still a necessity
for an experienced operator to take time to consider the signif-
icance of the outcomes achieved. This is inappropriate during
an operation as time is often critical from the perspective of
a patient’s well-being and hospital efficiency.

Microwave sensing is a technology that has demonstrated
enormous potential in a variety of industrial and medical
fields [3]-[5]. This is because the technique is robust, requires
low power, has high sensitivity, is non-invasive, and has a
good penetration depth in terms of material analysis com-
pared to other state-of-the-art modalities. The non-ionizing
nature of microwave radiation, which practitioners see as a
important advantage over current techniques such as CT scan-
ning and X-ray imaging, is also a benefit of using microwaves
for medical applications.

Our present work uses the microwave sensing technique
to understand the geometrical distribution of a multi-layered
tissue by calculating the signal loss while the signal is
propagating through tissues. A primary concern here is the
received signal’s signal-to-noise ratio (SNR), which requires
the underlying multilayer human body that governs the
microwave propagation, and its impact on attenuation to be
resolved so that microwave sensing systems are designed and
implemented accurately. One of the main considerations of
these requirements is the study of EM signal propagation
characteristics on body tissues. Microwave propagation is
then investigated based on tissue dielectric properties in terms
of reflection, signal loss, attenuation, and penetration depth.

The feasibility of the microwave sensing technique is
examined using microstrip split ring resonators (SRRs) to
estimate the EM signal loss through biological tissues. Two
prototypes consisting of three layers of tissue thicknesses
(skin, fat, and muscle) are presented primarily for the measur-
ing conditions and personal characteristics of human tissues.
This paper requires an analytical approach to examine the
influence of the tissue proportions on the EM signal coupling.

To verify the outcomes, a laboratory setup comprising
of two SRR sensors and an ex-vivo porcine experimental
model for biological tissues are introduced. We also carried
out an intensive parametric analysis of a variety of fat and
muscle thickness values at different sensor distances, which
enabled us to conclude the underlying EM signal coupling.
Finally, a validation was achieved between the electric field
(E-field) and penetration depth and their associated effects
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on signal loss due to the variation in thickness and distance.
The paper is organized according to the following sections:
section I is the introduction to the study; section II describes
the outline of materials and methods used in the proposed
work, including the use of numerical and ex-vivo models of
the experimental setup; section III compares and discusses
the simulated and measured results of the two SRR sensors.
Finally, section IV summarizes the conclusions of this paper.

Il. MATERIALS AND METHODS

This paper studies the signal coupling for on-body microwave
propagation through various biological living tissues and
validates the influence of the tissue thickness. Ultrasound
(US) images are used to obtain the layer thicknesses and
compositions of skin, fat, and muscle tissues. The collection
of data was carried out using ethical approval from Sweden
(2016/698 - 31/1). The numerical simulation models are made
using human US information and are validated using the
equivalent ex-vivo model.

A. DESIGN OF THE SPLIT RING RESONATOR SENSOR

In this work, a microwave split ring resonator (SRR) sen-
sor loaded with biological tissues, which operates in the
2.40-2.48 GHz Industrial, Scientific, and Medical (ISM)
frequency bands, is presented. The frequency band was
selected as it is commonly used in ultra-wideband standards
IEEE 802.15.4a. Previous publications have shown that an
SRR-based approach is the most promising in this field for
several reasons [6]-[8]. The sensors comprises a resonator
and a matching substrate layer. The fundamental principle
behind its operation is that variations in the human tissues
will produce variations in the effective permittivity of the
microstrip resonator and, hence, a variation in its resonance.
Therefore, it will provide a potential correlation between
a resonance state and a state of a particular change in the
dielectric properties of tissues. Perez et al. in [9], [10] demon-
strated, through an ethically approved trial in human volun-
teers, that sensors made with this type of resonator could
have a signal low enough to ensure a secure tissue absorption
but high enough to ensure penetration into human tissues of
about 15 mm, capable of reaching muscle and bone tissues in
some cases.

This concept is also supported by other studies includ-
ing, besides an assessment of burn injuries [11], ethi-
cally approved clinical trials studying bone healing after
cranial [12], [13] and hip fracture surgeries [6], [8], [14].
In addition, as part of future optimization and system inte-
gration processes, an analytical model is also proposed and
being studied [15].

The split ring resonator sensor design uses the concept of
a single split microstrip ring resonator (known as microstrip
gap) as illustrated in Fig. 1(a). Model parameters used to
develop the split ring resonator are shown in Table 1. We used
three different layers of the substrate to design the split ring
resonator sensors. Layer 1 is a ground plane with thickness
h; = 0.035 mm. Layer 2 with thickness Ay is made of
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FIGURE 1. (a) Geometry of the SRR sensor and (b) Multilayer structure
tissues with distance variation between Tx and Rx SRR sensors used for
biological tissue characterization.

TABLE 1. Model parameters used for investigating signal transmission in
biological tissues.

Categories | Type Label | Dimension (mm)
Ground h 0.035
Wi 25
Ly 25
Substrate ho 0.635 (TMM4)
Split Ring hs 0.635 (TMM6)
Resonator hy 0.635 (Roger 6010)
. r 8.6
Ring Resonator P 53
T-shape 2 Z;
Skin Ts 2.3
Fat T 5-35
Tissues Muscle hy 10-50
Width Wo 120
Length Lo 250

TMM4 substrate (¢, = 4.5, loss tangent, tan 6 = 0.002)
in which thickness 4, = 0.635 mm, and layer 3, i3 with
TMMBG6 substrate (¢, = 6, loss tangent, tan § = 0.0023) with
thickness 43 = 0.635 mm. Both layers 2 and 3 are fabricated
using TMM high-frequency laminates. In addition, layer 4
with thickness A4 is fabricated using Rogers 6010 substrate
(e, = 10.2, loss tangent, tan § = 0.0023) in which thickness
hg = 0.635 mm, forming a total thickness of about 1.905 mm.
In the lab prototype, all the layers were stacked and glued
together using adhesive glue. Specifically for layer 4, we used
this as a matching layer principally made up of a substrate
sheet, which performs as a coupling material to the target
(which is the skin tissue) and makes it possible to radiate
more EM waves into the biological tissues and achieve stable
resonance frequency while illuminating the targets.

The structure of the SRR has been proved to have a pen-
etration depth between 10 and 15 mm when applied on the
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surface of the skin in distal and thigh positions (upper part
of the leg-femur) as shown by Mohd Shah et al. [6] and [8]
on human volunteers. Each tissue is characterized by the
differences in dielectric properties, focusing primarily on
relative permittivity, €,, and conductivity, o .

In particular, the conductivity of skin and muscle tissues
at high frequencies is much higher than the conductivity of
the fat tissue. This is because of the high water content in the
skin and muscle compared to the low content of water in fat
and bone. Our work is complementary to this approach. The
signal connection was chosen to be perpendicular to the ring’s
plane and at the center of the ring’s projection on the ground
plane. Therefore, a SubMiniature version A (SMA) connector
is employed and the signal’s transition to a microstrip line
starts from the bottom (ground) in the center of the ring’s
projection and to the edges of the parallel section of T-shape
microstrip line. The sensor input impedance is optimized to
be close to 50 2. All these aspects have been verified with
the help of Computer Simulation Technology (CST Studio,
2018, DASSAULT SYSTEMES, France).

B. NUMERICAL SIMULATION ANALYSIS

For this purpose, we demonstrated the development of two
3-D models using the CST software based on US tissue
thickness measurements. Fig. 1(b) illustrates the suggested
arrangement that is used to characterize the EM signal loss
on the biological tissues. To study the interaction of the pro-
posed sensors and ex-vivo model, a transmitter sensor (Tx) is
placed to create an EM signal that perpendicularly propagates
into multilayer tissues; meanwhile, a receiver sensor (Rx)
performs to identify the received EM signal. The geometrical
thickness of each tissue layer, which includes the numerical
and experimental ex-vivo, is listed in Table 1. Biological
tissue properties included in the simulation are applied at a
frequency of 2.45 GHz to excite the behavior of three tissue
layers depending on the thickness tissue.

In this study, our approach is to develop a multilayer
homogeneous model that has been considered for numerical
and experimental studies. This model consists of a three-layer
tissue with different thicknesses containing skin, hs, fat, T,
and muscle, n7. Here, the skin thickness is kept constant
(2.3 mm), while the fat and muscle thicknesses are varied
from 5 mm to 35 mm in 10 mm steps and from 10 mm
to 50 mm in 20 mm steps, respectively. The length of the
simulation model is 250 mm and the width is 120 mm, which
optimizes the condition for signal loss. As mentioned earlier,
human tissues can be classified into those with high water
content (like muscle and skin) and those with low water
content (like fat). Therefore, the influences of fat and muscle
thicknesses on the EM signal loss between the transmitter and
receiver sensors are examined and analyzed. A transmitter
sensor generates an EM signal perpendicularly propagating
through the other upper tissue layer, while a receiver sensor
is used to detect the received signal by varying the distance
between them from 0 mm to 250 mm in 50 mm steps.

156035



IEEE Access

S. R. Mohd Shah et al.: Analysis of Thickness Variation in Biological Tissues

Port2 (Rx)
. r‘. %.
3

Fieldfox Microwave
Analyzer \
Stretchable Strap!

3D Printing Mold

y | |
Microwave Absorber=— \

(b)

FIGURE 2. Photographs of the ex-vivo experimental setup. (a) Multilayer
homogeneous model containing skin, fat, and muscle of ex-vivo porcine
tissues and (b) Two-port system with different distance positions of Tx
and Rx SRR sensors. The ex-vivo multilayer model is the arrange inside a
custom-made container to suit these series of experiments.

C. EX-VIVO AND EXPERIMENTAL SETUP

We emulated human tissues using fresh porcine belly which
is commonly used in in-body imaging and power transfer
systems [16]—[18]. These tissues have layer structures that are
complex and include skin, fat, and muscle. Furthermore, these
tissue EM properties are similar to human tissues [19], [20].
This tissue material, therefore, provides an ideal environment
for human tissue emulation. The skin, fat, and muscle of
porcine belly tissues are separated and finely minced with a
meat mincer. The three-layered tissue structure, which con-
tains skin, fat, and muscle (top to bottom), is placed and
arranged in a custom-made 3D-printed plastic container and
supported by a 5 mm-thick plate below the muscle layer. The
size of the mold is 250 mm in length, 60 mm in width, and
80 mm in height. By varying the leveling plate underneath the
muscle layer, the thicknesses of the fat and muscle layers in
the ex-vivo tissue can be changed. On the other hand, a flexi-
ble, broadband, lightweight, and multilayer flat carbon loaded
laminate polyurethane (PU) foam-based microwave absorber
is used for the experimental setup (FU-ML-120, Sahajanand
Laser Technology Ltd, Gujarat, India). The dimension of
the microwave absorber are 600 mm in length, 600 mm in
width and 120 mm in height, and its reflectivity performance
is —17 dB at 2.0 GHz. Fig. 2(a) shows a picture of this
experimental setup.

The SRR sensors are attached to the surface of the skin
layers by using a stretchable strap to ensure that the sensor
remains in sufficient contact with the skin and retains constant
pressure throughout the measurement. The sensors are then
aligned as shown in Fig. 2(b) and connected to the Fieldfox
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Microwave Analyzer (N9918A). The measurement is con-
ducted in the frequency range of 1-4 GHz and the resonance
frequency of the sensor is optimized at 2.35 GHz in a normal
condition (skin = 2.3 mm, fat = 5 mm and muscle = 10 mm).
In order to investigate the signal loss, S| through the tissues,
the distance between the two SRR sensors is varied from
0 mm to 250 mm during the measurement. These distances
are chosen based on the clinical US measurement adopted in
previous studies [6]-[8].

Additionally, this ex-vivo model is examined to gauge the
depth of penetration by analyzing the E-field distribution
of the layered tissues. Inferences from the E-field distribu-
tion simulation are made to characterize the signal loss in
the experimental setup and the results are compared. The
penetration depth provides good information for analyzing
sensor performance especially the E-field distribution in dif-
ferent tissues, and can be used for future work in clinical
measurements.

D. ON-BODY AND IN-BODY SIGNAL PROPAGATION

The electromagnetic (EM) waves mainly propagate around
the human body surface via diffusion. As an outcome,
the human body, a high-loss dielectric medium, usually
has huge impacts on the signal propagation. Additionally,
as human tissues contain a range of dielectric properties,
a functional model of the body would need to be stud-
ied on the signal propagation. Specifically, when RF sig-
nals propagate from a high dielectric property medium (like
skin or muscle) to a low dielectric property medium (like fat),
it bends away from the direction perpendicular to the interface
between the materials. This means that any signal that is prop-
agated into the body has to travel across multiple centime-
ters (cm) of multilayer tissues and faces multiple reflections
before it can exit to the air, as shown in Fig. 3. Thus, signal
propagation in each layer is assumed to be linear, but across
layers, it can change to multiple directions. To validate the
effects of fat and muscle layer variation, the thickness of the
skin (2.5 mm) layer remains fixed; meanwhile, the variation
of the fat thickness is adjusted from 5 mm to 35 mm in 10 mm
steps. Furthermore, the variation of the muscle thickness
from 10 mm to 50 mm in 20 mm steps is also considered.
It is necessary to calculate and sum up the maximum and
minimum differences of the magnitude of S;1, |S21|, required
to propagate across each model layer. To calculate the signal
loss, the skin and muscle are considered to remain constant
and the maximum and minimum signal loss are reckoned by
varying the fat layer thickness. Therefore, the different signal
loss, S»1 (in dB), can be calculated by:

Asignalloss = Max — Min (D

where Agignalloss 1S the signal loss, S31 (dB), and Max-Min is
the difference between the maximum and minimum signal at
any variation of the fat and muscle thicknesses.

This will provide a basis for the comparison of approxi-
mations that can be used from the human tissue model for
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FIGURE 3. lllustration of signal reflection from the multilayer ex-vivo
model.

reflectivity and refractivity, and their suitability for integra-
tion into larger EM models.

Ill. RESULTS AND DISCUSSION

In this section, the signal coupling is discussed and divided
into three parts within the introduced variation model of
thickness and distance. First, a detailed EM signal analysis
that focuses on two targeted low and high loss materials,
fat and muscle in section III-A is conducted. S, results are
obtained and presented in this section for simulation and ex-
vivo measurements. The multilayer model for E-field distri-
bution is analyzed in section III-B. Additionally, an estima-
tion of penetration depth is studied and presented in section
III-C to investigate the sensor’s performance concerning the
E-field distribution.

A. SIGNAL LOSS ANALYSIS

In this subsection, a numerical study is performed to demon-
strate that an SRR has the sensing capability with which mul-
tilayer tissues can be analyzed. The SRRs are placed above
the body tissue, which is a multilayer medium consisting of
air, skin, fat, and muscle, to couple the EM signal inside the
body tissue. The distance between the two SRRs are varied

0 == W A -5

IS,,| (@B)

12+ 4
—® Free Space
—&—Tissue

2 2.2 2.4 2.6 2.8 3

Frequency (GHz)
(a)

from 20 mm to 160 mm, and the amplitude and phase of the
coupled signal for the fat layer are reported.

As shown in Fig. 4(a), the SRRs do not resonate in free
space; however, when the SRR is located over the body
tissue, it resonates at a central frequency of 2.35 GHz. So,
the SRR is sensitive to the characteristic parameters of the
body tissue; as soon as the tissue parameters vary, a signif-
icant variation in the resonance frequency of the resonator
occurs.

To calculate the free space coupling of the SRRs, two
simulations are conducted. In the first simulation, the two
SRRs are placed apart from each other and are connected
with the free space channel and in the second simulation,
they are placed on the body tissue. Fig. 4(b) shows the
coupling between the two SRRs. For the case of free space,
it is observed that at the resonance frequency of 2.35 GHz,
the coupling through free space is below —90 dB and the
coupling through body tissue is —14 dB. Therefore, it is clear
that the SRR has the potential to couple the EM signal inside
the fat layer compared to the coupling through free space. The
entire signal coupling is done through the body channel. With
an increase in distance between the two SRRs, there will be
an increase in path loss. However, the path loss is nonlinear
because the system is a near-field system.

To analyze further, the variation of distance between the
SRR sensors, which is increased from 20 mm to 250 mm,
is investigated. Fig. 5(a) and (b) show the results of the ampli-
tude and phase when the thickness of the skin = 2.5 mm, fat =
20 and 35 mm, and muscle = 50 mm. The variation in signal
coupling due to the change in the distance gradually decreases
to about 8 dB when the SRR distance is increased. However,
there is no significant discrepancy in phase variation over
different thicknesses. It can be seen that the thickness does
not strongly affect the phase of the transmission with respect
to the fat layer. The SRRs demonstrate EM coupling but not
EM propagating; therefore, no significant phase difference
is observed. The amplitude of the signals is affected by the
channel thickness.
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FIGURE 4. (a) The simulated reflection coefficient, S;; and (b) The simulated signal coupling, S,; between the two SRRs at the
distance of 20 mm for two scenarios of free space and body tissue channel.
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Next, Fig. 6 shows the results of the simulation and mea-
surement of homogeneous layer tissues consisting of skin,
fat, and muscle (organized from top to bottom). To char-
acterize the signal loss of the multilayer tissue, the lay-
ered fat and muscle tissues are defined as a function of
the distance between the two SRR sensors. As illustrated
in Figs. 6(a)—(f), the solid values correspond to the results
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of the measurements and the values inside the parentheses
correspond to the results of the simulation. The colorbar index
indicates that color variation corresponds to the measured
and simulated Sy results (in dB) (within parentheses) from
minimum to maximum values.

From the results shown in Fig. 6(a), the observation of
signal loss is between 19.0 dB and 22.3 dB for the 0 mm
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FIGURE 7. The measured and simulated (within parentheses) S,; results when the thickness of skin = 2.5 mm, (a) Fat = 5 mm,
(b) Fat = 15 mm, (c) Fat = 25 mm, and (d) Fat = 35 mm, respectively for muscle thickness varying from 10 mm to 50 mm
in 20 mm steps. The SRR sensors are placed on top of the skin layer and varied with distances from 0 to 250 mm.

distance position. It shows the variability that the fat thickness
produces signal loss at the fixed thickness of the muscle.
In the 0 mm position, the received signal is significantly
reduced by 2.1 dB at 25 mm for the fat-layered tissue case
that includes skin and muscle variation. This can be explained
by the signal diffusion due to high attenuation and frequency
dispersion in the muscle tissue of the microwave signals.
In addition, most of the reflection signals in the fat layer
dissipate and penetrate to deeper tissue layers.

Furthermore, we observed that the influence of the increas-
ing distance between Tx and Rx sensors as a function of
the layered fat and muscle tissue does provide a significant
difference in signal loss as shown in Fig. 6(b). The first strong
effect is observed at the boundary between thinner fat and
muscle, where the magnitude of the signal loss dropped up
to —43.8 dB for simulation and —48.0 dB for measurement.
As the contrasts between skin and fat as well as between fat
and muscle are very high, strong reflections also occur at
these two boundaries.

Another notable aspect that can be seen in Fig. 6(c) is that
the measured values slightly increased when 35 mm thick of
fat and 50 mm of muscle tissue are used. The results show,
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for example, that when the muscle remains constant in the
thicker layer, it has an attenuation of 9.6 dB/cm in difference.
This is in line with expectations mainly caused by EM signals
due to their high permittivity and loss; they are significantly
reduced before they reach the receiver [21], [22].

On the other hand, the effect of material absorption in these
layers can be observed to be slightly lower in relation to the
behavior of a strong reflection signal when looking at the
thinner layers of fat tissue for all the figures. This is because
the fat tissue layers used are much thinner than the corre-
sponding penetration depths (117.1 mm at 2.45 GHz) [19],
and once the E-field is confined to the fat limit, it constantly
attenuates.

In Fig. 7(a)—(d), a comparison of signal loss is shown for
different muscle thicknesses while the fat layer is fixed. The
signal loss of 5 mm of fat thickness at a distance of 0 mm
with a minimum muscle of 10 mm is 24.2 dB and approx-
imately 20 dB with a maximum muscle of 50 mm. The
signal loss increases from 72 dB to 54 dB for maximum and
minimum muscle thickness at a distance of 25 cm. Mean-
while, in Fig. 7(d), we observed the signal loss of 35 mm of fat
thickness having a smaller variation from 19 dB to 21.5 dB for
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maximum and minimum muscle thickness at 0 mm distance
and between 68 dB and 64 dB for 25 cm distance. The
high contrast in the dielectric properties between the muscle
and the fat layer allows even thin muscle layers to act as
good boundaries that confine signals within the fat layer. The
results of this investigation provide a better understanding
of the signal loss and can be utilized to extend or evaluate
tissue thickness when a fixed sensor position is applied. The
standard deviation of the sensor is 0.08, which shows that
the data points are significantly different from each other.

In addition to Fig. 7(a)—(d), the different fat thickness
shows a very distinctive curve/pattern, which could be used
to distinguish the thickness of underlying tissues. The dis-
tinctive curve has been noted to be significantly influenced
by a 1/2A of the fat thickness (Fig. 7(a) and (c)), which could
be distinguished as muscle variation. From this perspective,
the transparent boundary conditions contributes effectively
to the wave for it to travel from the fat to the muscle layer.
However, when the thickness of fat is increased to 1/4\
(Fig. 7(b) and (d)), no significant impact on the distinctive
curve is observed. Thus, the Salisbury screen phenomenon
occurred due to the cancellation of the incident wave at the
front of the muscle layer. Taking into account the distance
variations, the shorter the distance, the stronger the upper
layer interaction. The surface wave is thus observed to have
a substantial effect on the mutual coupling between the two
SRR sensors.

B. E-FIELD DISTRIBUTION ANALYSIS

In addition to the described attenuation of the signal due
to the differences in dielectric properties, the distribution of
E-field is presented when propagating from one layer to
another. Fig. 8(a)—(c) show a two-dimensional (2-D) E-field
distribution by varying the fat thickness. We considered three
experimental scenarios to inspect the E-field distribution
between the Tx and Rx sensors at a fixed distance of 100 mm:

1) Scenario 1: Minimum thickness of the fat layer
of 5 mm to represent a thinner condition.

2) Scenario 2: An average thickness of the fat layer
of 25 mm to represent a normal condition.

3) Scenario 3: Maximum thickness of the fat layer
of 35 mm to represent a high-fat condition.

Fig. 8(a) shows the E-field distributions of the thinner
condition in the fat tissues, which results in higher surface
coupling and leakage of the signal. The E-field leaks more
outside of the skin layer, from the fat layer to the surround-
ing free space. In this case, the consideration of multiple
reflections can occur between the surface layer and fat tissue
boundaries. Therefore, the layer of fat showed an enlargement
of the E-field close to the Rx sensor with the prominence of
mismatching on the Tx sensor.

In Fig. 8(b), we observed that increasing the thickness of
the fat layer enables the E-field to propagate further through
the muscle tissues. It is thus observed that the attenuated
signal in this layer is small compared to scenario 1 in the
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FIGURE 8. The E-field distribution depending on the thickness of the
tissue (a) Fat = 5 mm, (b) Fat = 25 mm, and (c) Fat = 35 mm at 100 mm
distance from the SRR sensors.

muscle tissue layers of this condition.It is important to note
that there are two significant contributions: (i) the loss of
absorption due to the material properties, and (ii) the loss of
the reflection signal as it propagates through multiple tissue
layers.

For the arrangement of scenario 3 (Fig. 8(c)) where the
maximum fat tissue thickness is 35 mm, the signal is con-
tinuously attenuated for thicker fat as the result sets are very
similar to scenario 2. Therefore, we observed that while
increasing the fat layer thickness between 25 mm and 35 mm,
there is no significant change in E-field distribution through
the fat-muscle boundaries. The transmitted RF signal is con-
stantly attenuated while passing through the fat tissue where
the attenuation depends on the thickness of the fat. Hence,
the reflected signal from the next tissue declines even further
and causes the exponential fading of the signal, especially
from the beginning of the muscle tissue.

In summary, we observed two types of eigenmodes,
namely, the bound states and the free states [23]-[25]. The
former are the modes bounded in the fat layer and they trap the
signal mainly within the layer between the skin and muscle.
The latter are modes that trap the signal of the exterior mode,
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FIGURE 9. The E-field penetration depending on the thickness and
variation of distance. (a) Fat = 5 mm, Muscle = 10 mm, 30 mm, and

50 mm (skinny condition), (b) Fat = 25 mm, Muscle 10 mm, 30 mm, and
50 mm (normal condition), and (c) Fat = 35 mm, Muscle = 10 mm,

30 mm, and 50 mm (high-fat condition).

which are not bound to the layered fat but are flowing in the
open regions.

C. PENETRATION DEPTH ASSESSMENT
Our objective in this section is to observe the penetration
depth by examining the same experimental scenario from the
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previous section. The examination is done from the simulated
E-field and the results are correlated. The actual position of
the E-field is obtained from the E, axis at the Rx sensor. The
E-field along the E, axis perpendicular to the sensor plane
is considered. The starting point of the E, axis is taken at
the maximum E-field strength which happens to be at the
interface of the sensor and skin surface. The distribution of
the E-field is observed along the E, axis through the different
tissue layers of the simulation phantom until the E-field dies
off (in the layer of fat).

Fig. 9(a)—(c) show that the similarity in the performance
of the penetration depth expands throughout the fat layer
(2.5 mm to 10 mm on average on the tissue thickness axis)
and the intensity of the E-field rises at the skin-fat boundary.
Considering the tissue thickness information, when a thicker
fat layer is present, the penetration depth is discovered to be
greater. Thus, the thickness of the fat layer is observed to have
a great impact on the distribution of the E-field. Because fat
tissue has inherently low water content, its dielectric char-
acteristics show very low frequency dispersion. In addition,
the extent of the E-field represents the percentage increase
in the magnitude of the E-field in the fat layer. Using the
following equation, it is calculated as follows:

Max
Eextend = <— - 1) x 100 % 2)

Min

On average, 200 V/m (44.5 %) of the E-field inten-
sity increases in the skin-fat boundary and decreases
into the next layer. The depth is gradually decreased
once the E-field arrives at an average fat thickness
of 10 mm.

Another notable aspect to be observed in Fig. 9 is that the
E-field initiates to be interrupted approximately 60 mm at
the minimum tissue thickness (scenario 1) and extends more
than 80 mm for maximum tissue thicknesses (scenario 3).
Looking at the multilayer tissue thickness composition of
all the graphs in Fig. 9, it can be seen that in the fat-
muscle boundary, the material absorption occurs. Therefore,
the impact of dielectric properties is very different between
the muscle and the fat layers which strongly affects the
penetration depth. According to these results, the signal will
fluctuate at this depth because of the appearance of reflected
signals.

IV. CONCLUSION

In this study, the coupling of RF signals within human body
tissue is investigated by considering the physical appear-
ances of a multilayer model development. A method of using
microwave microstrip SRR sensors with two prototypes of a
three-layer ex-vivo models has been proposed with a varied
distance of sensors to measure the signal loss with the reso-
nance method. The S-parameters in the 2.40-2.48 GHz ISM
frequency band between the transmitter and receiver sensors
are investigated. The EM signal loss is analyzed showing
correspondence to the variation of the tissue thickness and
distance. Some mechanisms influencing the signal pathways
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through tissues have been addressed. 1) The observation
shows that the EM signal coupling through thick fat tis-
sue has a coupling loss of 2.1 dB per 20 mm, an average
of 25 mm in distance for the ex-vivo model. 2) There are
significant variations between distance and E-field distribu-
tion. The results becomes especially relevant when compared
with penetration depth. The penetration depth at any given
distance of two sensors also depends on the thickness of
the tissue that has lower conductivity, such as the fat layer.
Therefore, the sensor’s performance (e.g. impedance match-
ing) is strongly determined by the dielectric properties of the
tissues and the structure of the human body. The variation
of muscle thickness does not improve much on the reflection
and signal loss, which is considered as a result of the losses
in dielectric properties of this layer. The included numerical
and experimental validations proved the thicknesses of the fat
and muscle tissues give a correlation of resonance frequency
and signal loss responses. For example, the fat tissue has the
lowest relative permittivity of around 5 (at 2.45 GHz), since it
has almost insignificant water content. In contrast, the muscle
has a higher relative permittivity of 58 due to the presence of
high water content in the tissue. Hence, the frequency depen-
dence of the relative permittivity of high water content tissues
varies significantly. These proposed sensor and measurement
methods can be extensively applied to many practical medical
applications.
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