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Abstract— This article presents a novel 3-D-printed, pyramidal
double-ridged horn antenna, filled with a high-dielectric material
comprising a mixture of linseed oil and titanium oxide, for
biomedical applications. In particular, this investigation explores
the use of the antenna design to measure the abdominal fat
layers of the human body. The antenna is designed to operate
at the low-frequency microwave bands and complemented with
an absorber layer at the aperture to improve directivity. The
proposed method aims to assess the fat layer thicknesses based
on an analysis of the variations of the reflection coefficients. The
system has been calibrated and validated based on a number
of numerical time-domain simulations, as well as experimental
analysis. Assessment of the first transition point in the reflec-
tion coefficient spectrum has successfully predicted the rate of
magnitude change caused by different layer thicknesses (e.g., oil
and fat). Comparing coefficient spectra from various simulation
experiments has allowed for eliminating the interferences arising
from mismatches with the skin and muscle layers, resulting in the
measurements of the fat layer thicknesses through the remaining
power change rate.

Index Terms— 3-D printing, abdominal fat, antenna,
double-ridged horn, high-dielectric material.

I. INTRODUCTION

APYRAMIDAL double-ridged horn (PDRH) antenna was
first introduced in 1964 [1], although the concept of the

ridged-waveguides was introduced earlier in 1947 [2]. This
type of antenna was utilized for biomedical applications by
various research groups to monitor the inside of the human
body [3], [4]. This antenna has attracted many other engineers
and researchers in the radar field, due to its advantages
such as large bandwidth, high gain/directivity, and matching
capability [5], [6].

These important principles make this type of antenna an
efficient solution, as compared with other bidirectional antenna
types, such as the Bowtie [7], Vivaldi [8], and wire helix anten-
nas [9]. However, in contrast to these advantages, the antenna
suffers from some disadvantages, such as high fabrication
cost, and a large aperture for the low-frequency applications
(i.e., 1–3 GHz).
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The latter is of crucial demand in scanning human body
applications due to the penetration depth factor [10]. In order
to overcome the cost of fabrication, a different type of 3-D
printing technique was developed and proposed by engi-
neers, which use different materials such as metal and plas-
tic [11], [12].

Although 3-D metal printing is currently practiced in parts
of the industry, as it is known to be costly. Moreover, the sur-
face of the fabricated design using the material is relatively
rough, which can reduce the antenna design band [13]. There-
fore, in-house 3-D printing using plastic has been selected as
an optimal alternative solution concerning the cost as well as
the ease of fabrication [12].

Different studies have also employed this type of fabrication
method [14], and consequently, a diverse set of solutions
have been provided to overcome the technical complications.
As such, in order to uniformly paint the internal facets of
the structure, and to further smooth the rough surface (i.e.,
generated during the 3D printing), the antenna was cut from
the middle into two separate parts, which were screwed back
together after being painted. The latter also resulted in the
improvement of the surface conductivity. The bulky structure
of the PDRH antenna in a system and the large reflections
(to be eliminated) due to environmental mismatch are other
concerns of this design. Recent studies have shown that in
order to solve this issue, high-dielectric and low-conductive
materials are embedded within the antenna structure; e.g.,
ceramics, oil, and pure water [15]–[17].

Various challenges such as fabrication complications, high
cost, and high conductivity have been addressed to finalize a
viable design of the material-embedded antenna [18]. In the
case of ceramics, the cost of such a high-dielectric one, as well
as the fabrication method, have made researchers think of
other solutions, such as pure water that has a low conductivity
due to the elimination of particles in water. Following an
extended investigation on the use of distilled and deionized
water types (i.e., the water molecule structure and high con-
ductivity even after particle elimination), it was concluded that
majority of input power becomes absorbed within the antenna
structure [17]. Consequently, oil was defined as the optimal
liquid solution, due to its low conductivity, although oils are
associated with low permittivity [19].

Early diagnostics of fat inside the human body, especially
underneath the skin, is an important factor for diagnosing other
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associated diseases [20]. Medical practitioners to liposuction
or other types of procedures on patients also need fat-thickness
detection. In current practices, various assessment techniques
are used, such as waist measurement in the general practi-
tioners [21], magnetic resonance imaging (MRI) method [22],
computed tomography (CT) method [23], [24], and ultra-
sound [25]. Each of these methods has its own sets of draw-
backs, such as accuracy, errors, radiation hazards, and cost.

The aim of this work is to design, develop, and implement
a low-cost portable system that is capable of measuring the
thickness of abdominal fat layer underneath the human skin
(i.e., subcutaneous fat) that could relate to the internal fat
(i.e., visceral fat) to monitor the health. The wideband (WB)
term developed here denotes partial utilization of the free
band (3.1–10.6 GHz) provided by the federal communications
commission (FCC) for ultra-wideband (UWB) part of the
spectrum [10]. The WB spanning between 1 and 3 GHz
was selected as a term for the antenna design based on its
unique features, which further propose inexpensive solutions
due to low-power consumption pulses and the propagation
characteristics within the human tissue.

The main contributions of this work can be summarized as
follows.

1) Novel compact PDRH antenna has a shape and fabri-
cated process that not only comforts the finalized system,
but also improves the operation, e.g., directivity, gain,
and bandwidth to some extent compared to the similar
designs.

2) Unique application of semisolid high dielectric material
with the low conductivity was used to miniaturize the
design and reduce the reflection within the system.
Moreover, the material has advantages, e.g., elimination
of the air gaps may develop when the antenna was placed
on the human body as well as easy and low cost to
manufacture into the required shape.

3) The absorber sheet was employed at the extension point
of the design in order to not only reduce the mismatched
caused by the extended plastic; moreover, it could sig-
nificantly improve the design directivity.

4) The evaluation of the reflection coefficient (S11)
results of the antenna design at the lowest frequency
(i.e., 1.8 GHz), where the design has the highest pene-
tration capability was proposed and proved as a suitable
technique to measure the human fat thickness.

The rest of this article is organized as follows. Section II
covers the materials characterization and associated meth-
ods. Section III presents the comprehensive analytical and
numerical design and performance evaluation of the developed
antennas based on the deployed RF technologies. Section IV
shows the experimental stages that present the fabrication
process, and the prepared set up for the measurements on the
liquid models and the human body. Section V concludes this
article.

II. MATERIALS CHARACTERIZATION

Different types of high-dielectric and low-conductive mate-
rials and their mixtures have been developed for the proposed
system, which aims to monitor inside the human body. In

Fig. 1. Open-ended coaxial probe technique deployed for the measurement
of the dielectric materials.

this regard, the oil, such as canola oil, was of interest due
to its low conductivity, low cost, and safety for skin-centric
biomedical applications [19]. The open-ended coaxial probe
method, which is well established in the literature as one
of the principal methods for liquid dielectric measurement,
has been applied to characterize the developed materials.
The dielectric measurement setup comprised a vector network
analyzer (VNA) Agilent PNA-L—N5230C (0.01–20 GHz),
dielectric probe (25 mm diameter), and Agilent electronic
calibration (ECal) module. All measured samples were stabi-
lized at 20 ◦C during all the experimental measurements. The
VNA (i.e., PNA-L), ECal kit, and open-ended probe setup
are shown in Fig. 1. The instruments were calibrated with
the distilled water presented in Fig. 2(a) and (b) to increase
the system’s accuracy. Measurements were carried out on
different types of oils, such as linseed, olive, avocado, pig,
duck, and salmon ones. The measured dielectric properties of
the measured samples at 1.8 GHz are demonstrated in Table I.
The results indicate that linseed oil has the highest permittivity
among the experimental oils with low satisfactory conductiv-
ity. Fig. 2(a) and (b) present the permittivity and conductivity
of the linseed oil measured using the probe method in the range
of 0.3–3.3 GHz.

Titanium oxide (TiO2) powder has been used widely in
different products, such as sun creams and high dielectric
ceramics [26]. The measured sample of the TiO2, after it is sin-
tered using the spark plasma sintering (SPS) method, demon-
strates that it can maintain low conductivity and high-dielectric
constant (εr ∼ 86.7 at 1.8 GHz) shown in Fig. 2(a).

Based on these results, the ceramic powder has been chosen
as a candidate to be mixed with the linseed oil, to increase the
permittivity of the material. Hence, different portions of each
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Fig. 2. (a) Measured permittivity of water, TiO2, linseed oil, and their
proposed mixture at 0.3–3.3 GHz. (b) Measured conductivity of water, TiO2,
linseed oil, and their proposed mixture at 0.3–3.3 GHz.

TABLE I

MEASURED DIELECTRIC PROPERTIES OF DIFFERENT TYPES OF OILS AT

1.8 GHPz USING THE OPEN-ENDED PROBE TECHNIQUE

material have been mixed and the dielectric properties were
measured and represented in Fig. 2(a) and (b).

The ideal four portions of the TiO2 (40 g) mixed with three
portions of the linseed oil (30 g) have produced a flexible
homogenous material, with the given measured dielectric
properties as shown in Fig. 2(a) and (b), using the open-ended
probe method in the range of 0.3–3.3 GHz. The measured
permittivity of the mixture has been almost twice than of
linseed oil (εr ∼ 5.26 at 1.8 GHz) with higher conductivity.

It was noticed that dielectric measurements at higher fre-
quencies had suffered certain irregular fluctuations. This was
attributed to the unavoidable small air gaps between the sample
and probe. These fluctuations were more evidential in the case
of the solid sample TiO2 due to the increased volume of air
gap between the solid sample and the probe. These small
air-gap errors are related to resonances due to mismatch and

are minimal at lower frequencies due to lower resolution as it
increases at higher frequencies, as it is expected [18].

This high-dielectric mixture has been proposed here to be
embedded within the antenna design, which is being also used
later in the proposed system. The main objective of using such
a high dielectric material in a radar-centric system, which also
operates on a human body, is to reduce the size of the antenna,
to eliminate the reflections due to mismatching environment,
and to form a flexible case of embedding material for a specific
antenna structure. Moreover, when the antenna has been placed
on the body, the liquid form of this mixture at the surface is
able to fill in the air gaps that may exist between the antenna
and the skin that also results in a better impedance network
matching.

III. ANTENNA DESIGN AND EVALUATIONS

The horn antenna is considered as one of the most uni-
versal microwave antennas in technical deployment for many
years [27]. Moreover, among different types of horn antennas,
the PDRH has attracted researchers in the medical imaging
domain, due to desirable factors, such as network matching
capability, design simplicity, ease of excitation, and high
bandwidth and gain [28]. The fabrication and miniaturization
of such a design are considered as the main challenges of the
system [15], [29].

A. Antenna Design and Analysis

The main target of this work is to provide a solution
to overcome the limitations of a PDRH antenna that can
be employed to measure the abdominal fat. The use of
the proposed high-dielectric mixture has resulted in efficient
miniaturization and resolving matching issues. Regarding the
fabrication and realization, the method of 3-D printing has
been performed using the transparent polyethylene material to
effectively reduce the costs and the fabrication complexity.

The extension is proposed to place the antenna close to
the far-field region, in order to excite the plane wave into
the monitoring area and to produce a delay to eliminate the
reflections overlapping issue [18]. An antenna in the free-space
has the wave impedance of 377 �, where if the antenna is built
or immersed in any dielectric material, the impedance would
be different and can be defined as follows [19]:

zm =
√

μ0

ε0εr
(1)

where ε0 = 8.854 × 10−12 (F/m), and μ0 = 4π ×
10−7 (V.s/A.m) are the permittivity and permeability of free
space, and εr is the relative permittivity of the dielectric
material that aims to fill the antenna to reduce the size and
to eliminate bulky reflections, as a result of the dielectric
mismatch.

Moreover, the permittivity of the medium where the antenna
operates inside is considered during the design process to
achieve the highest performance [19].

The proposed medium for the antenna has a permittivity
of 5.1 at 1.8 GHz; hence, the impedance of the medium could
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Fig. 3. Modeled PDRH antenna, with the aperture dimensions.

be defined using (1) as 167.7 �; i.e., reduced by less than half
compared to the free-space.

The exponentially tapered section of the antenna is very
important as it matches the reference impedance in the feeding
point of the device, to that of the material at the aperture,
which is varying from 50 to 167 � and is obtained as follows:

z(y) = z0eky, (0 ≤ y ≤ L) (2)

where y is the distance from the waveguide aperture, and L
is the axial length to the opening of the exponentially tapered
section; k is determined by [30], [31]

k = 1

L
ln

(
Z L

Z0

)
(3)

where Z L and Z0 are the characteristic impedances of the
double-ridged waveguide in the medium and free-space,
respectively.

The dimensions of the E- and H-planes of a pyramidal horn
have been determined based on the dielectric material and the
equations presented in the seminal antenna textbook [32]. The
antenna design has been based on the calculated parameters
and modifying them in order to operate within the desired
frequency of operation sets in the CST Studio [33].

Fig. 3 presents the modeling of the proposed antenna based
on the measured materials mixture (i.e., linseed and TiO2)
loaded into the software as new material by using the user
dispersion option, and the robust transient time-domain solver.

In order to achieve the objective of the system, and to
avoid pulses (transmitted and reflected) overlapping issues,
a tapered dielectric extension has been added to the main
antenna structure. Simulations have demonstrated that this can
be achieved with extensions with lengths equal or bigger than
the flared aperture, as shown in Fig. 4. Therefore, an extension
equal to the flared aperture was added to the design to generate
a physical delay between the transmitted pulse and reflected
pulse to avoiding overlapping issues.

Moreover, the technique locates the antenna close to the
middle or far-field region for a better pulse propagation into
the monitoring area. In general, it was concluded that the intro-
duced tapered dielectric extension has made the device more
operationally stable and free of any destructive interference
signals and noise [18].

The high-dielectric PDRH antenna has been extruded with
the pyramidal aperture length of 40 mm, based on the fol-
lowing equations, in order to maintain the primary design
antenna objectives. In addition, to define the outer aperture of
this extended part, when the length of the extension changes,

Fig. 4. Modeled extended PDRH antenna, with the aperture dimensions.

Fig. 5. (a) Measured permittivity of the absorber at 0.3–3.3 GHz. (b) Mea-
sured conductivity of the absorber at 0.3–3.3 GHz.

the following equations have been derived:

wa2 = 2 ×
[

wa0

2
+ wa1 − wa0

2 × l1
× (l2 + l1)

]
(4a)

wb2 = 2 ×
[

wb0

2
+ wb1 − wb0

2 × l1
× (l2 + l1)

]
(4b)

where wa2, wb2, and l define the width, height, and length of
the horn aperture, respectively, and are represented in Fig. 4.

A thin, flexible, and magnetically loaded silicone microwave
absorbing material sheet (i.e., ECCOSORB FGM-40) has been
selected to be employed as part of the high-performance
design of the proposed antenna [34]. The measured dielectric
properties of this absorbing sheet have been loaded into the
simulation software presented in Fig. 5(a) and (b) to validate
the findings. The absorber has the approximate measured
dielectric constant of 20, and the conductivity that rises over
the desired frequency range to 0.4 S/m (0.3–3.3 GHz). The
developed mixed material was chosen as the background
material in the simulation, to evaluate the performance inside
the medium. As such, the figures of merit for the evaluation
of the proposed antenna with and without absorber sheet,
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Fig. 6. (a) Extended PDRH antenna with the absorber sheets placed on top
and bottom of the extended aperture. (b) Simulated S11 when the antenna is
inside the proposed material with and without the absorber sheet attached to
the extended part. (c) Cartesian EM far-field radiation pattern of the antenna,
without the absorber, at 90◦ at the transition point (1.763 GHz). (d) Cartesian
EM far-field radiation pattern of the antenna, with the absorber, at 90◦ at the
transition point (1.749 GHz).

including the reflection coefficients based on the S11, gain, and
radiation patterns, are obtained and shown in Fig. 6(a)–(d).

The reflection coefficients shown in Fig. 6(b) depict the
wide operating bandwidth of 5.4 GHz from 1.5 to 6.9 GHz,
taking the value of −6 dB as a reference; i.e., commonly set
for the on-body applications [19]; and the large transition at
a low frequency of 1.77 GHz. Fig. 6(c) shows the radiation
patterns, in Cartesian, and the gain at the transition points
(1.77 GHz).

This shows the gain of 2.92 dB in the zero degree at the
front-end and the gain of 5.29 dB at the back-end, due to

TABLE II

DIFFERENCE IN THE FREQUENCY AND MAGNITUDE AT THE FIRST LARGE
TRANSITION POINT, WITH A REFERENCE TO THE OIL THICKNESSES

the extended part that is filled with a high-dielectric material,
which is used as the background material in the simulation.

Balegh et al. [35] have proposed to utilize an absorbing
sheet of graphene in the lower and upper flare extensions to
reduce the sidelobe levels (SLLs), and hence, increasing the
antenna directivity. The absorber sheet has been modeled in
the modeling software, based on the measured data.

Two sheets have been attached to both the lower and upper
outer extended flares of the antenna where the design flare
sections joint with the extended plastic. These sections are the
locations of the ridges, which the wave is propagating through,
as in Fig. 6(a).

Moreover, Fig. 6(b) shows that the effects of the absorber on
the operating frequency is negligible, due to a minor frequency
shift for the first large transition point ∼20 MHz, and a slight
increase in the bandwidth ∼10 MHz. However, the far-field
radiation pattern presents a significant effect on the directivity
and gain, as in Fig. 6(d). The gain is increased to 5.39 dB, and
SLLs are further reduced, exhibiting an improved directivity,
compared with the case without the absorber.

B. System Evaluation Using a Liquid Model

A liquid model consisting of two layers of the distilled water
and linseed oil has been proposed, in replacement of the fat
and muscle in the humans’ tissue model, and a thin layer of
skin is ignored, to approximate the performance of the system
before utilizing it in the developed model.

A center frequency of 1.8 GHz was chosen to monitor the
system. The dielectric properties of both the measured liquids
using the discussed open-ended probe technique are shown
in Fig. 2(a) and (b). The simulated antenna was placed on
the liquid model, where the thickness of the oil layer was
increased, from zero-thickness at first and is then increased
from 10 to 30 mm, with an iteration sequence of 10 mm,
as in Fig. 7(a).

The reflection coefficients (S11) were recorded for each
case. The method developed to employ the highest magnitude
of the first largest reflection coefficient close to fc = 1.8 GHz.
The first S11 measurement has been chosen for the case when
only the water exists, which is used to initiate the system
calibration, as shown in Fig. 7(b).

This was followed by a set of scenarios when the oil
thickness iterates and markers indicate the changes in the
magnitude at the first largest transition close to the desired
frequency, as in Fig. 7(c).

Table II shows the generated graph/equation that is obtained
from the first highest magnitude points of the desired region
for different thickness scenarios, in order to relate the rate
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Fig. 7. (a) Modeling of the developed PDRH antenna, which is placed
on: (i) distilled water and (ii) oil layer with thicknesses of 10–30 mm.
(b) Simulated S11 of the antenna placed on the distilled water. (c) Simulated
S11 when the oil layer thickness changes from 10 to 30 mm, with an iteration
of 10 mm. (d) Generated graph and equation based on the simulated S11
data, presenting the rate of change in magnitude, when the oil layer thickness
iterates from 10 to 30 mm in the first large transition.

of the magnitude change to that of the different oil thickness
scenarios.

C. System Evaluation Using an Abdominal Tissue Model

In the next stage of design, the tissue model that consists
of three layers, i.e., 2 mm skin, 15–30 mm fat, and infinite
muscle; has been thoroughly developed in the software. This
has been conducted to present the abdominal tissue and the
antenna filled with the material mixture, which is placed on
this tissue model, as shown in Fig. 8(a).

Fig. 8. (a) Modeling of the developed PDRH antenna, which is placed on:
(i) tissue without the fat layer and (ii) tissue with the fat layer. (b) Measured
properties of the mixture loaded into the software. (c) Simulated S11 of the
antenna, when the fat layer does not exist. (d) Simulated S11 when the fat layer
thickness changes from 15 to 30 mm, with an iteration of 5 mm. (e) Generated
graph and equation based on the simulated S11 data, presenting the rate of
change in the magnitude, when the fat layer thickness iterates from 15 to
30 mm in the first large transition.
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TABLE III

DIFFERENCE IN THE FREQUENCY AND MAGNITUDE AT THE FIRST LARGE
TRANSITION POINT, WITH A REFERENCE TO THE FAT THICKNESSES

Moreover, the dielectric properties of the material in the
desired frequency region (i.e., already measured) have been
also loaded into the software using the new material dispersion
characteristics, as shown in Fig. 8(b).

The high-dielectric material-filled PDRH antenna was
placed on the tissue model without the fat layer, and the
S11 results are obtained for a very low-frequency range up to
8 GHz that is assumed as a calibration point shown in Fig. 8(c).
The fat layer increases from 15 to 30 mm with an iteration
of 5 mm and the results have been captured and depicted in
Fig. 8(d).

The results demonstrate a constant change in the magnitude
at the first large transition with respect to the thickness of the
fat layer, as in Table III. Fig. 8(e) also shows a generated
graph and an equation based on the data collected from the
magnitude difference at the first large transition point, when
the thickness of the modeled tissue fat layer iterates from 15 to
30 mm. The generated equation can also be used to accurately
predict the fat layer based on the measured data [36].

IV. ANTENNA FABRICATION AND MEASUREMENT

A. Antenna Fabrication and Realization

Fabrication of the 3-D printed PDRH antenna required an
in-house 3-D printer (Stratasys Objet30 Prime), and some
modification to the design, such as cutting the designed
antenna symmetrically to two parts before the printing, and
allocating a screw spacing on the side edges to attach them
together, as in Fig 9(a). The 3-D printer was employed in
order to print the prototype with a resolution of 100 μm. This
3-D-printed prototype has been realized with a clear finish
and the supportive material that is removed by rinsing the
prototype using pressurized water. The cost of a Vero clear
transparent polyethylene is ∼650 USD per kg [37].

Hence, the cost of the Vero material including the support
material used to 3-D print the prototype is less than 50 USD.
The Objet30 printer offers cost-effective solutions for 3-D
printing complex structures with a high resolution. The printed
PDRH antenna has been painted with silver conductive paint,
up to the extended part of the design. The antenna has been
connected to a 50-� semiridge SMA connector with an outer
dimension of 1.19 mm fed and glued to the antenna’s lower
and upper ridges, as in Fig. 9(b).

The antenna was further filled with the TiO2 mixture, and
it was placed upside down and was well shaken in order
to remove any remaining bubble gaps produced during the
mixing and filling procedures, i.e., shown in Fig. 9(c) [38].
With regard to the minor air gap, the vacuum chamber can
be used during the mixing and filling procedures; however,

Fig. 9. (a) 3-D-printed PDRH antenna using the polyethylene material.
(b) 3-D-printed PDRH antenna conductive-painted and fed with a semiridged
SMA connector. (c) 3-D-printed PDRH antenna filled with the high-dielectric
material and the absorbers are glued to lower and upper extended flares.

the tiny air gaps can be ignored by the antenna system at the
low-frequency range [18].

B. Experimental System Evaluation Using a Liquid Model

A two-layer liquid model consisting of a distilled water
and linseed oil is developed, to validate the concept of the
operation, which has been to accurately measure the oil
thickness in the two-layer model. The antenna is connected to
the VNA using a coaxial cable, which is also calibrated using
the ECal module. The antenna is placed on top of the modeled
liquid layers and the reflection coefficient is measured and
saved for another liquid modeled scenario, in order to define
a mathematical calibration and measurement method based
on the retrieved data. In the first scenario, the antenna has
been accurately placed on the distilled water, using a prepared
setup, as shown in Fig. 10(a), and then the reflection coeffi-
cient is generated by the VNA and was stored, as presented
in Fig. 10(b). The next part of the experiment has focused
on the addition of linseed oil with the container, to increase
the oil thickness to 10 mm thickness, followed by saving and
plotting the S11 values. The process is repeated for 20 and
30 mm oil thicknesses and the generated data are stored for
the analysis, which has been shown in Fig. 10(c) and (d). The
experimental magnitude of the first large transition point close
to fc = 1.8 GHz of the water is depicted in Fig. 10(b). The
measured results have been compared with the simulations to
determine the difference value, which refers to the difference
between the simulation and experimental environments. This
value for the magnitude has been found to be around 2.35 dB.

The procedure, namely, the calibration process, has been
deployed, to subtract the value from the measured results
compared with the simulated results. The measured S11 results
for different oil layers are shown in Fig. 10(d).

This is effectively used to predict the first large tran-
sition points of the simulations, by simply subtracting the
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Fig. 10. (a) Prepared measurement setup, presenting the antenna placed on
the distilled water for the experiment. (b) Measured S11 results of the antenna
on the distilled water. (c) Prepared setup of the developed liquid model, for
different oil thicknesses of 10–30 mm for the experiment. (d) Measured S11
results of the antenna for three developed cases, when the oil thicknesses are
changed to 10, 20, and 30 mm.

magnitude rate. This has proved the output performance of
the system based on both the numerical and measured results.
This has shown that there is a negligible difference introduced
into the system that could be the result of human errors.

C. Antenna Measurements on a Human Tissue

The proposed method presented above has been employed to
accurately calibrate the system, followed by the measurement

Fig. 11. (a) Developed antenna placed on the arm for the calibration. (b) Red
plot presents the simulations (i.e., no fat case), and the black plot shows the
measurements, obtained based on the arm case.

of the abdominal fat. Hence, the system has been appropriately
calibrated using an area of the human body, where there is
none or a small amount of fat exists, such as the arm, and the
results have been further compared to the simulations with the
same scenario (i.e., no fat layer exists model), as in Fig. 11(a).

The results exhibit a slight shift in magnitude and frequency,
compared to the simulations, as can also be seen in Fig. 11(b).
This minor difference could be due to the differences that may
have been added to the system, during the experimental stage,
as opposed to the error-free simulation environment.

It should be noted that the air gap between the antenna
and the body has been eliminated by using the semisolid
mixture, which has removed the effects of the air gap in the
real experiment. In addition, the antenna has been placed on
the abdominal area of the human body that had an unknown
amount of fat, as presented in Fig. 12(a). Moreover, the S11

results are obtained based on the measurements on the body
and are further compared with the measured results of the case
based on the arm, as presented in Fig. 12(b).

In addition, the change in the magnitude at the highest
point of the first large transition for the abdominal fat has
been stored and calibrated using the simulations, to calculate
the estimated amount of the fat in the abdominal. The high-
est point of the first large transition for the arm has been
recorded at the frequency of 1.867 GHz, with a magnitude of
−39.33 dB. In the abdominal case, the values are changed to
1.927 GHz with a magnitude of −22.15 dB. Also, the proposed
method to calculate the estimated thickness of the oil layer has
been used in this case, in order to accurately predict the fat
thickness.
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Fig. 12. (a) Antenna placed on the abdominal for the fat measurement.
(b) Blue plot refers to the measured abdominal case, and the black plot refers
to the measured arm case.

The first stage was to calibrate the measured magnitude
of the first large transition point at the frequency of interest,
according to the simulations given in Table III. By subtracting
both the measured and simulated magnitude values, the value
has been determined as −17.54 dB. This value is then added
to the measured abdominal one to determine the magnitude
value (i.e., −39.69 dB) of the real tissue, with respect to the
simulation results. This value has been used in the equation of
Fig. 8(e), to determine the fat thickness as 17.28 mm. The core
of this work was conducted as part of the doctoral dissertation
in [39].

V. CONCLUSION

This investigation has thoroughly presented the EM design
and performance evaluations of a low cost and compact
3-D-printed PDRH antenna, filled with a low-conductive and
high-dielectric oil and ceramic mixture. The primary objec-
tive of this work has been to determine and measure the
abdominal fat thickness, based on a developed method, using
the reflection coefficient response. The design of this novel
antenna system incorporated the extension for locating the
antenna close to the far-field region of the measured area,
to enable the plane waves to penetrate more directive into
the human body, and to introduce a delay to further resolve
the overlapping issue. The microwave absorbing material has
been also employed to extend a section of the design at the
surface angles, where the ridges are located, to improve the
directivity. The developed mixture exhibits a number of unique
features, including the low conductivity and high permittivity,
to be able to eliminate the air gap between the antenna and
the body. The designed antenna operates in low frequencies to
have a better penetration depth, along with a higher impedance
matching due to the high-dielectric mixture. Lastly, a method

has been developed to use the simulations of the reflection
coefficients, as well as to determine and validate the fat
thickness with respect to the measured results obtained during
the experimental stages of the proposed system.
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