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ABSTRACT: This paper introduces a novel design of an embedded stacked Rectangular Dielectric Resonator Antenna (RDRA). The
antenna structure incorporates two distinct materials, namely PLA (Polylactic Acid) and Alumina, possessing dielectric constants of
3.45 and 9.9, respectively. A coaxial probe is employed to feed the antenna, enabling efficient signal transmission. The simulated
results indicate the presence of two distinct resonance frequencies, which are 9.4GHz and 10.6GHz. Furthermore, the simulated antenna
exhibits a maximum gain of 7.7 dB at 10.6GHz, while demonstrating a wideband characteristic spanning approximately 22.7% of the
frequency band between 8.75GHz and 11GHz on the measurement. The design and simulation of the RDRA are carried out using CST
2020 microwave studio, ensuring accurate and reliable results. The proposed antenna configuration is well suited for X-band applications
such as radar and satellite systems.

1. INTRODUCTION

The first dielectric resonator antenna (DRA) was presented
in 1983 [1], and this generation of antennas attracted the in-

terest of researchers in order to develop this technology [2–4].
Therefore, from a performance point of view, there are true ben-
efits. DRAs obtain significantly wider bandwidth and higher
efficiency [5] than microstrip antennas, with low profile and
compact size [6], low loss, light weight, and ease of excitation
[7]. Moreover, this type of antennas can take different shapes
as cylinder [1] and rectangle [7]. Moreover, DRA is charac-
terized by the diversity of the materials used for the dielectric
resonator. Indeed, the design and development of biodegrad-
able antennas using PLA (Polylactic Acid) material has gained
significant attention in recent years. These antennas offer nu-
merous advantages, especially in applications where environ-
mental sustainability and biocompatibility are crucial factors.
Here are some key advantages of using PLA material for an-
tenna design.
The biodegradability, the ease of fabrication as well, is con-

sidered biocompatible, making PLA antennas suitable for ap-
plications in medical devices, implantable devices, and wear-
able electronics. These antennas can be used for wireless
communication in healthcare monitoring, biosensing, and other
biomedical applications. PLA is also a relatively low-cost ma-
terial compared to other specialty materials used in antenna fab-
rication. Thismakes PLA antennas an attractive option for cost-
sensitive applications. PLA exhibits good thermal stability, al-
lowing PLA antennas to withstand typical operating tempera-
tures encountered in various applications.
The advantages of biodegradable antennas using PLA ma-

terial make them a promising choice for environmentally con-
scious and sustainable wireless communication systems. Re-

* Corresponding author: Jihad Ben Yamoun (jbenyamoun@gmail.com).

searchers continue to explore and refine the design and perfor-
mance of PLA antennas to further enhance their capabilities and
expand their applications [8–10]. And as well, the hybrid an-
tennas serve to offer better bandwidth. Thus, DRA is a good
candidate to design antennas for many applications satellites,
5G and terahertz [12–14].
Although varied Stacked and Embedded DRAs have been

proposed last years, embedded dielectric resonators allow for
efficient signal transmission and reception, making embedded
antennas highly promising for applications in smart structures,
wireless communication systems, and emerging technologies
[15–20], with [18] showcasing the advantages of embedding
technology in achieving desirable antenna performance for
mm-wave applications. Unfortunately, they did not give many
details about their effect on antenna performances resulting
from what they offer to various physical parameters. While
it is known that stacked DRAs have potential advantages over
homogeneous DRAs, it has been difficult to formalize prac-
tical design procedures because of the lack of illustrative ex-
periments investigating these parameter changes, and in [21]
a wide bandwidth can be achieved with an array of 1 × 9
small DRAs by using stacked method the gain is 6.2 dB. Guo
et al. proposed a dielectric resonator antenna which presents an
impedance reaching 42% due to double annular-ring [22]. In
[23], a designed antenna offers a wide input impedance in the
ISM 2400 because of stacked rectangular dielectric resonator.
It was found in [24] that two higher order modes of the whole
dielectric resonator can be excited simultaneously, due to the
embedded structure. The two degenerated modes lead to ob-
taining a larger band.
This study focuses on the design and development of a wide-

band embedded stacked rectangular resonator antenna, incor-
porating a feeding mechanism through an adjacent probe. The
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FIGURE 1. Three-dimensional view of homogeneous RDRA.

(a) (b)

FIGURE 2. Simulated coefficient of reflection: (a) Sweep of the width and length of DRA hd; (b) Sweep of the height of DRA hd.

antenna structure is constructed using two distinct materials:
Polylactic Acid (PLA) with a dielectric constant of 3.45, and
Alumina with Warning: εr = 9.9. Through simulation using
the CST 2020 EM simulator, the antenna exhibits two reso-
nance frequencies at 9.4GHz and 10.6GHz, making it suitable
for a wide range of applications. Notably, the antenna demon-
strates an intriguing wideband capability, operating within the
frequency range of 8.75GHz to 11GHz. This corresponds to a
total fractional bandwidth of approximately 22.7%. Addition-
ally, the antenna achieves a maximum gain of 7.7 dB, further
enhancing its performance characteristics.

2. HOMOGENOUS DRA

2.1. Antenna Design
The dielectric waveguide model [25] is employed to exam-
ine the rectangular DRA. When the DRA is positioned on a
ground plane, it stimulates TE modes. The resonant frequency
of the primary mode, TE111, is determined using the subse-
quent equations [26]:

f0 =
c

2π
√
εr

√
k2x + k2y + k2z (1)

kx =
π

width

kz =
π

2× height
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2
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)
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√
kx

2 + kz
2

The key parameters are defined as follows:

- kx: Represents the wave number in the x-direction and is
determined by the reciprocal of the width of the rectangu-
lar dielectric resonator antenna (DRA).

- kz: Denotes the wave number in the z-direction and is de-
termined by the reciprocal of twice the height of the DRA.

- ky: Represents the wave number in the y-direction and
is calculated based on the length of the DRA and the hy-
perbolic tangent function. Here, ky0 is the initial wave
number in the y-direction.

Figure 1 illustrates a three-dimensional view of a homoge-
neous rectangular dielectric resonator antenna (DRA) consist-
ing of Alumina with εr = 9.9. The antenna is positioned above
an Aluminum ground plane measuring 60× 60× 2mm3. The
dimensions of the DRA are as follows: a length of 8mm, a
width of 8mm, and a height of 10mm. The feeding method
employed is an adjacent coaxial probe, ensuring efficient sig-
nal transmission and reception.

2.2. Results
A parametric study was conducted simultaneously for both
width and length as shown in Figure 2, ranging from 7mm to
9mm with a step of 1mm. Additionally, a second study was
carried out for height, varying from 9mm to 11mm with a step
of 1mm. The optimal S11 was found to be achieved at a width
and length a = 8mm and a height hd = 10mm.
Figure 3(a) displays the simulated coefficient of reflection

S11 of the antenna plotted as function of frequency. It is evi-
dent from the graph that the antenna exhibits a wideband char-
acteristic spanning 12% of the frequency range. At a resonance
frequency of 8.98GHz, the antenna demonstrates a maximum
return loss of −27.4 dB, efficient impedance matching. This is
further supported by the voltage standing wave ratio (VSWR)
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FIGURE 3. Simulated of the performances of homogeneous RDRA: (a) Coefficient of reflection Vs frequency; (b) Gain Vs frequency.
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FIGURE 4. Embedded stacked rectangular DRA: (a) 3D view in CST; (b) Schematic of side view by cutting the structure in plan parallel to x axis on
point wy/2.

value of 1.04, confirming a high level of adaptation between
the feeding method and the antenna structure.
Figure 3(b) showcases the gain performance of the antenna.

At the resonance frequency of 8.98GHz, the antenna achieves
a gain value of 6.75 dBi. This emphasizes the antenna’s ability
to efficiently radiate and receive signals within the specified
frequency range.

3. EMBEDDED STACKED DRA
The embedded stacked DRA represents a hybrid design that
combines elements from both the stacked DRA and the core-
plug embedded DRA. Among the various design variations
studied, this configuration proved to be the most intricate and
sophisticated. The insights gained from the stacked DRA and
core-plug embedded DRA were influential in determining the
most promising scenarios for optimal performance in cylindri-
cal DRAs, as discussed in [28].

3.1. Proposed Antenna Architecture
For the evaluation of the proposed embedded stacked rectan-
gular DRA, specific dimensions were chosen to match the ge-
ometry depicted in Figure 4. These dimensions were carefully
selected to ensure the desired performance and characteristics
of the antenna.
The dimensions of homogeneous DR made by Alumina pre-

sented before are: height hd = 10mm, width a = 8mm, and
length b = 8mm above an Aluminum ground plane of height
2mm, wx = 60mm, and wy = 60mm.

The dimensions of inner DR composed from PLA are: height
hd = 10mm, width a′ = 4mm, and length b′ = 4mm. The
top layer is a PLARD stacked above the two previous presented
with a width a = 8mm, length b = 8mmand height g = 3mm.
The relative permittivity’s are: for PLA εr−pla = 3.45 and the
height of the pin’s coaxial is optimized and fixed on the value
hp = 8mm that shows the best adaptation.
The expression of the resonance frequency according to the

method proposed by Marcatili for the waveguide method to
solve Maxwell Equation (2) for rectangular dielectric waveg-
uide [27] shows that when we decrease εr, the resonance fre-
quency will increase:

f0 =
c

2π
√
εr

√
kx2 + ky2 + kz2 (2)

3.2. Results and Discussion
The transition from the homogeneous Rectangular DRA to the
Embedded Stacked DRA, as depicted in Figure 5, results in
a notable shift in the operating frequency band. This shift is
attributed to the inclusion of inner and top DRs composed of
PLA, which possesses a relatively lower dielectric permittiv-
ity. As a consequence, the bandwidth of the antenna under-
goes a significant improvement, expanding from 12% to 22.7%
(measured). This enhancement classifies the antenna as wide-
band, as it nearly covers the entire X-band spectrum. Conse-
quently, the Embedded Stacked DRA is highly suitable for var-
ious X-band applications, including radar and satellite commu-
nications.
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FIGURE 5. Simulated and measured Embedded Stacked DRA coeffi-
cient of reflection.

FIGURE 6. Simulated gain Vs frequency of the Embedded Stacked an-
tenna.

(a) (b)

FIGURE 7. The performances of the Embedded Stacked antenna the three-dimensional radiation pattern: (a) 9.6GHz; (b) 10.4GHz.

Furthermore, the new antenna design exhibits the emer-
gence of additional resonance frequencies. Specifically, the
simulation shows that the antenna resonates at 9.65GHz and
10.49GHz, indicating the capability to operate at these fre-
quencies and potentially support multiple communication chan-
nels or diverse signal requirements. Let’s underline that the
gain’s value is also improved as illustrated Figure 6 and reaches
7.72 dBi at 10.49GHz.
The observed performance improvements in the Embedded

Stacked DRA can be attributed to the generation of two funda-
mental modes, which arise from the utilization of two different
materials. Specifically, the Alumina material gives rise to the
TE111 mode resonating at 9.65GHz, while the PLA material
contributes to the TE111 mode resonating at 10.49GHz.
The expansion of the bandwidth in the Embedded Stacked

DRA can be attributed to a decrease in the quality factor (Q-
factor) of the antenna. This decrease in the Q-factor is a result
of the electric field passing throughmaterials with different per-
mittivities. It has been documented in references [21] that this
phenomenon contributes to the improvement of the antenna’s
bandwidth.
By incorporating materials with distinct permittivity values,

the electric field distribution within the antenna structure is al-
tered, leading to a broader operating bandwidth. This character-
istic is particularly advantageous for applications that require a
wide frequency coverage, as it enables the antenna to efficiently
transmit and receive signals across a larger frequency range.

Figure 7 depicts the three-dimensional radiation pattern of
the Embedded Stacked rectangular dielectric resonator antenna
at two specific frequencies: 9.6GHz and 10.4GHz. The ra-
diation pattern reveals that at 9.6GHz, the antenna achieves a
peak gain of 5.4 dBi, while at 10.4GHz, the peak gain increases
to 7.6 dBi. These values indicate the antenna’s ability to con-
centrate and efficiently radiate electromagnetic energy in the
desired direction at the respective frequencies.
Figure 8 showcases the simulated radiation patterns in theE-

plane (φ = 0◦) and H-plane (φ = 90◦) for both frequencies.
In the E-plane (φ = 0◦), an almost omnidirectional pattern
is observed for both frequencies. This indicates that the an-
tenna radiates electromagnetic energy predominantly in the di-
rection perpendicular to the antenna structure. In the H-plane
(φ = 90◦), at 9.6GHz, the radiation pattern in the H-plane
(φ = 90◦) shows a larger beamwidth, indicating a broader cov-
erage of radiation in different directions. On the other hand,
at 10.4GHz, significant radiation is observed in one specific
direction and symmetrical broadside. This suggests that the an-
tenna exhibits a directional radiation pattern in the φ = 90◦

plane at this frequency.
The observed directional characteristics prompt an inter-

esting consideration of the antenna’s potential for generating
shaped beams. The ability to tailor the radiation pattern to
specific directions is crucial for various applications, such as
beamforming in communication systems. In this context, we
acknowledge the relevance of [29]. This work provides valu-
able insights into array pattern synthesis, including factors such
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FIGURE 8. Simulated and Measured radiation patterns of the Embedded Stacked antenna on (a)H-plane and (b)E-plane: (a) 9.6GHz; (b) 10.4GHz.

FIGURE 9. Three-dimensional view of antenna prototype.

as sparseness, mutual coupling, and mounting-platform effects.
Further investigation inspired by this reference could shed light
on the potential of our proposed antenna to generate shaped
beams, contributing to its versatility in various communication
and sensing applications.
Overall, the radiation patterns reveal the directional charac-

teristics and beamwidths of the antenna at the specified frequen-
cies, providing insights into the antenna’s performance and cov-
erage in different planes.
The experimental findings as illustrated in Figure 5 indi-

cate that the fabricated antenna prototype shown in Figure 9
achieved a return loss of 10 dB over a wide bandwidth span-
ning from 8.75GHz to 11GHz. This translates to an impressive

impedance bandwidth of 22.7%. Figure 8 highlights the an-
tenna’s ability to efficiently focus and radiate electromagnetic
energy in the desired direction. Furthermore, clearly, the mea-
sured results align closely with the simulated outcomes, provid-
ing validation for the antenna’s performance. However, certain
discrepancies between the simulated and measured results ex-
ist due to fabrication imperfections, specifically related to the
layer stacking. Despite these inconsistencies, the overall mea-
surements affirm the antenna’s effectiveness and underscore its
potential for a range of applications. An Agilent N5222A Per-
formance Network Analyzer is used to measure the result as
observed in Figure 10.
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TABLE 1. Comparison of the proposed Embedded Stacked DRA with recent works on bandwidth enhancement performance.

Reference Frequency range (GHz) Bandwidth (%) Gain (dBi) Dielectric constant
[17] 4.85–6.1 22.8 6.9–7.7 2.1 & 45
[18] 7.1–8.4 16.77 5.92 10 & 4.4
[19] 14.1–16.5 16.1 10.4 2.2

This paper 8.75–11 22.7 7.7 3.45 & 9.9

(a) (b)

FIGURE 10. Measurement Bench for: (a) S11 Parameter; (b) Radiation Patterns.

Table 1 compares the performance of the proposed Embed-
ded Stacked Dielectric Resonator Antenna (DRA) with three
recent works on bandwidth enhancement in terms of frequency
range, bandwidth percentage, gain, and dielectric constant. In
comparison to references [17–19], it is notable that the pro-
posed Embedded Stacked DRA in this study offers competitive
performance, especially in terms of bandwidth and gain, posi-
tioning it favourably in the context of bandwidth enhancement
for wireless communication applications.

4. CONCLUSION
In this paper, an Embedded Stacked Rectangular Resonator An-
tenna on polymere Polylactic Acid (PLA) and Alumina has
been simulated and measured. An interesting working wide-
band: 8.75–11GHz presents a total fractional bandwidth about
22.7% and all over the band obtains a high gain value. Themax-
imum value of gain is 7.72 dBi. The obtained performances are
adapted for x-band, radar, and satellite communications.
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