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The increasing demand for seamless connectivity in Smart City environments has
encouraged the integration of communication systems directly within building
infrastructures. This study presents the performance analysis of a building-embedded
loop antenna system designed for sub-GHz Internet of Things (loT) applications. The
proposed antenna, made of stainless steel and embedded in a reinforced concrete column,
was modeled and simulated using Ansys HFSS (High Frequency Structure Simulator)
based on the Finite Element Method (FEM). Analytical and full-wave simulations were
conducted to evaluate key electromagnetic parameters, including return loss, voltage
standing wave ratio (VSWR), impedance bandwidth, and radiation characteristics. The
results showed that the antenna achieved resonance at 700 MHz with a return loss of —
20.95 dB and a VSWR of 1.196, demonstrating excellent impedance matching. The
impedance bandwidth covered 563-939 MHz, ensuring compatibility with various 10T
protocols such as LoRaWAN, NB-10T, Z-Wave, and ZigBee. Despite reduced gain due
to dielectric absorption and coupling within the concrete medium, the antenna maintained
an omnidirectional radiation pattern, suitable for low-power 10T nodes. These findings
indicate that building-embedded loop antennas can function as integrated communication
elements while preserving architectural integrity.
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Abstrak—Meningkatnya kebutuhan akan konektivitas tanpa hambatan di lingkungan Smart City
mendorong integrasi sistem komunikasi langsung ke dalam infrastruktur bangunan. Penelitian ini
menganalisis Kinerja sistem antena loop tertanam pada kolom beton bertulang untuk aplikasi Internet of
Things (10T) pada sub-GHz. Antena berbahan baja nirkarat ini dimodelkan dan disimulasikan menggunakan
Ansys HFSS (High Frequency Structure Simulator) berbasis Finite Element Method (FEM). Analisis analitik
dan simulasi full-wave dilakukan untuk mengevaluasi parameter elektromagnetik utama seperti return loss,
voltage standing wave ratio (VSWR), lebar pita impedansi, dan karakteristik radiasi. Hasil menunjukkan
bahwa antena mencapai resonansi pada 700 MHz dengan return loss —20,95 dB dan VSWR 1,196,
menandakan pencocokan impedansi yang baik. Lebar pita 563-939 MHz menunjukkan kompatibilitas
dengan berbagai protokol 10T seperti LoRaWAN, NB-loT, Z-Wave, dan ZigBee. Meskipun terjadi
penurunan gain akibat penyerapan dielektrik dalam beton, antena tetap mempertahankan pola radiasi
omnidireksional yang sesuai untuk node IoT berdaya rendah.
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I. Introduction

The rapid global urbanization and the imperative for sustainable living have accelerated the development
of smart city and smart buildings, transforming urban landscapes into interconnected, intelligent
environments [1-3]. Integral to this transformation is the Internet of Things (IoT), which enables seamless
communication among diverse physical devices to optimize smart city functions [4-6]. The effective
integration of 10T technologies within building infrastructures is key to enhancing operational efficiency and
adaptability [7], fostering responsive and intelligent urban systems. Furthermore, the emergence of smart
materials is pivotal in reshaping engineering and infrastructure, offering innovative solutions for various
design and functional challenges [8], [9]. The functionality of these complex networks is often underpinned
by embedded systems, which provide the necessary control and processing capabilities for individual 10T
devices and integrated communication modules [10].

A cornerstone of efficient 10T and smart building communication systems is the antenna, acting as the
vital link between devices and the broader network [11], [12]. Contemporary antenna designs are
increasingly driven by demands for compactness, optimal performance, and seamless integration into
complex environments, including architectural structures [13-15]. A significant challenge arises when
antennas are embedded within building materials such as concrete or wall composites, whose dielectric
properties and conductive elements (e.g., galvanized steel [16]) can substantially influence electromagnetic
wave propagation and antenna performance [17], [18]. Prior studies have investigated antenna embedding in
dielectric media for 5G applications [19], explored electromagnetic-thermal interactions of wall-embedded
antennas [20], and characterized transmission losses in such configurations [21]. Nevertheless, accurately
predicting the performance of antennas embedded in heterogeneous building materials remains a complex
task [22], often requiring sophisticated inspection methods [23]. The integration of embedded antennas into
these structures is crucial for the overall functionality of embedded systems controlling the 10T network [24].

Among various antenna types, loop antennas offer distinct advantages such as relatively compact size
and good radiation characteristics, making them suitable candidates for integration into confined spaces [11].
While general antenna embedding has been explored [25], the existing literature still presents a critical gap
regarding the analytical performance of specific antenna geometries in severely constrained, conductive
architectural environments.

The unique properties of loop antennas, coupled with the intricate electromagnetic environment within
building materials, specifically the presence of metallic rebar structures, present distinct challenges and
opportunities for optimizing signal propagation, especially for Low-Power Wide-Area Networks (LPWANS)
like LoRaWAN (Long Range Wide Area Network) [26], NB-loT (Narrowband Internet of Things), Z-wave,
ZigBee, and emerging 5G technologies [27], [28]. Despite ongoing efforts to optimize embedded element
patterns for antenna arrays [29] and based IEEE 802.11 MAC Protocol for Radar Networks [30], a
comprehensive understanding of loop antenna performance when integrated into diverse rebar-containing
building composites, forming a critical part of the overall embedded system for communication, is still
evolving.

This study employs Ansys HFSS (High Frequency Structure Simulator), a three-dimensional
electromagnetic solver based on the Finite Element Method (FEM), to obtain rigorous solutions of
Maxwell’s equations for high frequency structures. The work presents a conceptual and analytical
investigation of stainless steel loop antennas embedded in concrete for Sub-GHz Smart City loT
applications, emphasizing key design parameters, resonance characteristics, and integration scenarios within
representative urban environments. The research develops a systematic framework for evaluating and
optimizing the electromagnetic performance of loop antennas when embedded in building materials, with
particular attention to their role as integral components of communication infrastructures. The objectives
include assessing the influence of material properties and embedding depths on antenna efficiency, radiation
behavior, and impedance matching, while also identifying effective strategies for structural integration.

The novelty of this study lies in its comprehensive investigation of embedded loop antenna systems
interacting with rebar structures, offering new insights into their electromagnetic behavior and demonstrating
their applicability in Smart City 10T networks. The outcomes are expected to advance the development of
unobtrusive, efficient, and reliable communication frameworks, thereby facilitating the realization of
pervasive and intelligent urban environments.
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1. Method

A. Simulation Methodology Flowchart

This study applies a simulation-based framework that integrates theoretical modeling, resonance analysis,
and full-wave electromagnetic simulation to assess the potential of stainless steel structures embedded in
buildings as loop antennas for sub-GHz Smart City communications. The investigation focuses on the 700
MHz band, a spectrum widely recognized for enabling long-range, low-power loT connectivity [2], [5].

Simulation results are extracted from HFSS post-processing analysis, including Si: reflection coefficient,
input impedance, and electric/magnetic field distributions. The data are analyzed to determine resonant
frequency, bandwidth, and radiation patterns of the embedded loop antenna.

A flowchart illustrating the simulation methodology is presented in Figure 1, outlining the sequential
process of analytical modeling, geometry construction, material assignment, simulation setup, and result
analysis. This structured approach ensures that the study can be accurately reproduced in future research.

( Start )

A

Problem Identification

\4

Theoretical Modeling

v

Antenna Design

\ 4

HFSS Simulation Setup

A

Electromagnetic Analysis

\ 4

( Result )

Figure 1. Simulation Methodology Flowchart

Flowchart illustrates the overall process of designing and simulating a building-embedded loop antenna.
The study begins with identifying the problem and defining objectives for sub-GHz Smart City loT
communication. A theoretical model is developed to determine the target frequency and antenna dimensions.
The antenna configuration is then designed and implemented in Ansys HFSS, where the structure, materials,
and boundary conditions are defined. Electromagnetic analysis follows to evaluate reflection coefficients,
field distributions, and coupling effects. Finally, simulation results are analyzed to identify resonant
characteristics and assess the antenna’s performance within the building structure.

B. Building-Embedded Loop Antenna Configuration

1 c . . .
L= Z?\ = EThe resonant length of the loop antenna as a quarter-wavelength radiator is analytically

determined based on Equation (1):
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(1)

where:
c is the speed of light (3x10% m/s),
f is the target frequency (700 MHz).

With a resonant wavelength of 42.86 cm and assuming a 1:1 aspect ratio for the rectangular loop, both the
loop length and width are determined to be 21.43 cm. When the finite diameter of the conductor is
considered, the effective electrical dimensions are slightly reduced to approximately 21 cm x 21 cm,
consistent with established diameter correction factors commonly applied in antenna optimization. The feed
gap is set to 5 cm, and the feed section extends 6 cm from the edge of the gap to facilitate signal excitation
and impedance matching.

This configuration as shown in Figure 2 enables the loop to operate as a magnetic-field radiator, where
the current circulates around the loop to generate a magnetic field normal to the loop plane. The loop’s
placement within the reinforced concrete column allows investigation of electromagnetic coupling between
the antenna element and the surrounding carbon steel rebars, providing insights into the feasibility of using
structural metals as integrated radiators in smart-building communication systems.

Ansys
2024R2

0 100 200 (mm)
Figure 2. Loop Antenna Configuration

The metallic element selected for the embedded loop antenna is stainless steel with a diameter of
approximately 1.2 cm. It is modeled as an embedded conductor within the reinforced concrete structure to
emulate realistic building conditions. One of the original stirrups in the four-rebar configuration is replaced
by the loop antenna, maintaining structural integrity while enabling electromagnetic analysis. The
surrounding concrete and air domains are assigned appropriate dielectric properties to evaluate their effects
on the antenna’s resonant frequency, impedance characteristics, and radiation performance.

C. Simulation Model

Electromagnetic simulations are conducted using Ansys HFSS, a full-wave three-dimensional finite
element method (FEM) solver widely utilized in advanced antenna design and electromagnetic analysis.
HFSS is selected due to its capability to accurately model complex geometries, incorporate realistic material
properties, and predict the electromagnetic behavior of antennas under structural and environmental
constraints. This allows comprehensive evaluation of the antenna’s performance, including its resonant
characteristics, impedance response, and field distribution within the reinforced concrete environment.

Adaptive meshing is employed, and a frequency sweep from 100 MHz to 1.400 MHz are applied to
ensure accurate and reliable simulation results. The wide frequency range enables identification of the
antenna’s resonant behavior and its impedance variation across the sub-GHz spectrum relevant to loT and
smart-building communication bands.

The simulation model consists of an air box with radiation boundary conditions, a concrete column
structure, and a lumped port positioned across a small gap in the loop conductor to excite the antenna,
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emulating the feed from an 10T radio. The loop antenna is surrounded by a vacuum region of approximately
1 cm. This configuration ensures that the antenna is not immediately influenced by the concrete medium,
thereby enabling precise evaluation of its reflection coefficients and electromagnetic field distributions while
considering its integration within structural elements. Figure 3 illustrates the simulation model.

600 (mm) 0

250 500 (mm)

(b)

Figure 3. Building-Embedded Loop Antenna Simulation Model (a) Dimetric Projection (b) Front View Configuration

The key simulation parameters for the embedded metallic structures are presented in Table 1. These
parameters define the antenna geometry, material composition, boundary setup, and excitation conditions
necessary to ensure accurate modeling within the concrete structure. The selected configuration aims to
replicate realistic construction environments and evaluate the electromagnetic performance of the embedded

antenna under practical conditions.

Table 1. Simulation Parameters

Parameter

Value

Target Frequency

700 MHz

Frequency Range

100-1.400 MHz

Antenna Type

Quarter-Wavelength Loop

Antenna Material

Stainless Steel

Loop Dimension

Rectangular 21 cm x 21 cm

Feed Gap

5cm

Feed Section Length 6cm
Conductor Diameter 1.2cm

Air Gap Layer lcm
Reinforcing Bar 4 Carbon Steel
Stirrup Spacing 15¢cm
Embedding Medium Concrete

Boundary Condition

Radiation (Open)

Excitation

Lumped Port 50 Q (Base)

111. Results and Discussion

The performance of the building-embedded loop antenna system is analyzed through key electromagnetic
parameters relevant to Smart City IoT network applications. The evaluation focuses on: (1) Return loss
(S11), which identifies the resonant frequency and assesses impedance matching quality within the concrete
medium; (2) Radiation pattern, which illustrates the spatial energy distribution and verifies the
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omnidirectional coverage essential for 10T connectivity; and (3) Gain, which represents the power efficiency
and determines the antenna’s effectiveness for low-power, long-range communication in building-integrated
Smart City environments.

A. Return Loss and Resonant Frequency

The measured return loss and resonant frequency characteristics of the building-embedded loop antenna
are presented in Figure 4. The measurement results exhibit a distinct resonant peak at the target frequency of
700 MHz, with a return loss value of approximately —20.95 dB, indicating excellent impedance matching
between the antenna and the loT transceiver system. These results are consistent with the analytical
predictions derived from the quarter-wavelength approximation, confirming the accuracy of the theoretical
design and the reliability of the proposed configuration.
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Figure 4. Simulated Return Loss of Embedded Loop Antenna

The low reflection coefficient suggests minimal power loss due to impedance mismatch, ensuring
efficient signal transmission. The —10 dB impedance bandwidth of the antenna is approximately 376 MHz,
covering the frequency range from 563 MHz to 939 MHz, which is sufficient for reliable loT communication
in smart city applications.

The Voltage Standing Wave Ratio (VSWR), as illustrated in Figure 5, serves as a crucial parameter to
assess the impedance matching between the antenna and its associated transmission line or transceiver.

VSWR Plot Embedded Loop Antenna Ans‘ys
2024 R2

—
— VSWR(1)
Setup! : Sweep
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Figure 5. Simulated VSWR of Embedded Loop Antenna

A VSWR value approaching unity signifies an optimal match, where signal reflections are minimized and
power transfer efficiency is maximized. In this study, the measured VSWR at the resonant frequency of 700
MHz is 1.196, confirming that the building-embedded loop antenna achieves excellent impedance
conformity with the loT transceiver system. This low VSWR value ensures that the majority of the
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transmitted power is effectively radiated, thereby minimizing insertion losses and enhancing the overall
reliability and stability of wireless communication in smart city 10T networks.

The observed return loss and wide impedance bandwidth indicate that the proposed building-embedded
loop antenna is highly suitable for Low-Power Wide-Area Network (LPWAN) applications, which require
long-range connectivity and low power consumption for large-scale loT deployments. LPWAN technologies
such as LoRaWAN, NB-loT, Z-Wave, and ZigBee operate within sub-GHz and ISM frequency bands,
typically between 700 MHz, 868 MHz, and 915 MHz, to achieve extended coverage with minimal energy
use. LoRaWAN provides ultra-long-range communication for sensors and smart meters, while NB-loT offers
cellular-grade connectivity optimized for low-throughput 10T devices. Similarly, Z-Wave and ZigBee are
widely used for smart home automation and industrial monitoring due to their low latency and reliable mesh
networking capabilities. The antenna’s excellent impedance matching with a return loss of —20.95 dB and its
broad bandwidth of 376 MHz therefore ensure compatibility with these LPWAN protocols, supporting
seamless integration into multi-standard smart city l0T ecosystems.

B. Radiation Characteristics

The radiation characteristics play a crucial role in evaluating the overall performance of the building-
embedded loop antenna system, as they determine the antenna’s ability to effectively transmit and receive
signals within smart city 10T networks. In such environments, antennas are expected to provide stable and
wide-area coverage despite the presence of complex structural and electromagnetic interferences. Therefore,
analyzing the radiation behavior offers valuable insight into how the antenna performs when integrated
within building materials.

The radiation characteristics shown in Figure 6 illustrate both the two-dimensional (2D) and three-
dimensional (3D) radiation patterns of the proposed antenna at the resonant frequency of 700 MHz. These
patterns provide a comprehensive visualization of the antenna’s directional distribution and radiated power,
serving as the basis for evaluating its performance in embedded configurations.
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Figure 6. Radiation Characteristics with Air Gap Layer (a) 3D Gain Plot (b) 2D Radiation Pattern

The simulated total gain of the building-embedded loop antenna with a 1 cm air gap layer is
approximately 0.07 dB, while its directivity reaches 6 dB. This condition indicates that although the antenna
maintains good directional radiation capability, a significant portion of the radiated power is absorbed or
dissipated within the surrounding building materials. The air gap introduces partial impedance mismatch and
additional field coupling losses, reducing the effective gain even though the directional property remains
stable. The difference between gain and directivity reflects power attenuation caused by dielectric absorption
in concrete and electromagnetic coupling with nearby metallic reinforcements.

In contrast, when the antenna is directly embedded without the air gap, as illustrated in Figure 7, the
simulated total gain increases to 1.77 dB, while the directivity reaches 7.75 dB, indicating improved
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radiation efficiency and stronger power concentration. This comparison confirms that the air gap acts as a
lossy transitional region, slightly degrading the overall radiation performance. Nevertheless, even with
reduced gain, the antenna maintains a stable radiation pattern and adequate field strength for low-power IoT
communication.

2D Radiation Pattern

Ansys Inc. 3D Gain Plot
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Figure 7. Radiation Characteristics without Air Gap (a) 3D Gain Plot (b) 2D Radiation Pattern

The radiation pattern of the building-embedded loop antenna, as depicted in both 2D and 3D plots,
exhibits a generally omnidirectional shape in the H-plane; however, it is not perfectly circular. Minor
distortions and asymmetries are observed, mainly caused by the interaction between the electromagnetic
fields and nearby concrete and metallic structures. These irregularities slightly affect the uniformity of field
distribution but do not significantly degrade overall coverage performance.

In the E-plane, the radiation pattern demonstrates a figure-eight-like shape with slight asymmetry,
attributed to partial field cancellation caused by electromagnetic coupling with surrounding structural
materials and boundary constraints of the embedded environment. These distortions deviate from the ideal
omnidirectional response, indicating that the presence of concrete and metallic components modifies the
surface current distribution along the loop. Nevertheless, the antenna preserves adequately broad radiation
coverage suitable for low-power loT communication, confirming that structural embedding can maintain
acceptable radiation performance under practical construction conditions.

In embedded environments, such attenuation is generally expected because the electromagnetic energy
interacts with lossy building materials before reaching free space. These results highlight the importance of
optimizing the embedding configuration to balance structural integration and radiative efficiency, ensuring
mechanical protection, stable electromagnetic performance, and architectural practicality in smart city 1oT
applications.

C. Practical Considerations and Limitations

In practical applications, embedding loop antennas within building structures offers mechanical
protection, architectural integration, and environmental durability. However, surrounding materials introduce
electromagnetic challenges such as dielectric absorption, impedance detuning, and coupling losses from
nearby metallic reinforcements. Long-term exposure to moisture may also cause corrosion, altering
conductivity and degrading performance; thus, corrosion-resistant coatings or composite materials are
recommended. Performance optimization can be achieved through controlled air gaps, low-loss dielectric
coatings, and placement in regions with lower permittivity. Although the resulting gain and bandwidth may
limit long-range communication, the antenna remains suitable for IoT Networks.

This study is limited to simulation-based evaluation under controlled conditions. Future work will involve
fabrication and experimental validation in real concrete environments, including measurements of return
loss, radiation pattern, and gain, to establish reliable design guidelines for practical building-embedded
antenna systems in smart city infrastructures.
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IV. Conclusions

In summary, this study aimed to evaluate the performance of building-embedded loop antenna systems
for Smart City loT networks. The simulation results confirmed that the designed antenna successfully
achieved the targeted resonant frequency of 700 MHz with a return loss of —20.95 dB and a VSWR of 1.196,
indicating excellent impedance matching and minimal reflection. The antenna also provided an impedance
bandwidth of approximately 376 MHz (563 MHz to 939 MHz), ensuring compatibility with various loT
communication standards such as LoORaWAN, NB-loT, Z-Wave, and ZigBee.

Although the total gain was reduced due to dielectric absorption and coupling with surrounding building
materials, the radiation pattern remained generally omnidirectional, offering adequate coverage for low-
power 10T nodes. The presence of a 1 cm air gap layer decreased the total gain to 0.07 dB compared to 1.77
dB in a fully embedded configuration, highlighting the importance of optimizing the embedding structure for
improved efficiency. This observation further confirms that electromagnetic interactions within the building
medium significantly influence antenna radiation behavior and must be carefully managed in practical
implementations.

Therefore, the results demonstrate that building-embedded loop antennas can serve as functional
communication elements in smart building infrastructures while maintaining architectural integrity. Future
research will focus on fabrication, experimental validation, and long-term performance evaluation in real
concrete environments to establish practical design guidelines for smart city applications.
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