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Abstract: Minimizing losses in dielectric rectangular antennas at high frequencies is crucial for maintaining efficiency in
mmWave applications. Various feeding techniques, such as inset feeding, probe feeding, and aperture coupling, have been
analyzed through experimental measurements and simulations. These techniques aim to reduce impedance mismatches and
radiation losses caused by environmental factors. This paper explores the optimizing feed designs and material selection,
significant improvements in antenna performance through various existing reviews.
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1. Introduction

An introduction to minimizing losses in dielectric rectangular antennas at high frequencies requires understanding the
fundamental challenges and techniques essential for optimizing their performance. Dielectric antennas, particularly those
in rectangular form, are widely utilized in modern communication systems due to their compact size, ease of fabrication,
and ability to operate across a broad range of frequencies. However, they face inherent losses, primarily from dielectric
materials and structural inefficiencies, which can degrade overall antenna performance. At high frequencies, where signal
propagation characteristics and antenna dimensions interact intricately, minimizing these losses becomes critical. Dielectric
materials used in antennas often exhibit a parameter known as the loss tangent (tan 8), which represents the ratio of dielectric
loss to storage energy per cycle. Materials with lower tan & values are preferred as they contribute less to overall signal
attenuation and heat dissipation within the antenna structure. Additionally, selecting dielectrics with high permittivity (¢_r)
can reduce the physical size of the antenna for a given frequency, enhancing its efficiency [1-3].

The design of rectangular dielectric antennas involves careful consideration of several factors to mitigate losses. Firstly, the
antenna's physical dimensions must be optimized to resonate at the desired frequency efficiently. This optimization
minimizes standing wave ratios (SWR) and impedance mismatches, thereby reducing reflection losses at the antenna
terminals. Moreover, ensuring smooth and high-quality surfaces for the conducting elements of the antenna helps to decrease
losses caused by surface imperfections and roughness. Efficient feeding techniques are crucial in minimizing losses during
signal transmission and reception. Techniques such as microstrip feeds or aperture coupling are commonly employed to
match the impedance of the antenna to the transmission line and to minimize losses due to impedance mismatch and
reflections. These techniques enhance the overall efficiency of power transfer from the transmission line to the antenna,
thereby maximizing radiation efficiency and reducing energy losses.

Environmental factors also play a significant role in the performance of dielectric antennas. Changes in temperature,
humidity, and other environmental conditions can affect the dielectric properties of the materials used, leading to variations
in antenna performance and increased losses. Therefore, selecting materials that exhibit stable dielectric properties over a
range of environmental conditions can help mitigate these effects and maintain antenna efficiency. Furthermore,
advancements in manufacturing techniques and material sciences continue to drive improvements in dielectric antenna
performance. Enhanced dielectric materials with reduced loss tangents and improved thermal stability are continually being
developed, offering better solutions for high-frequency applications where minimizing losses is paramount. In conclusion,
minimizing losses in dielectric rectangular antennas at high frequencies requires a comprehensive approach that integrates
advanced materials, optimized design principles, efficient feeding techniques, and consideration of environmental factors.
By addressing these aspects systematically, antenna engineers and designers can enhance the overall performance and
efficiency of dielectric antennas, ensuring reliable communication systems in diverse applications ranging from
telecommunications to radar and beyond [4].
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Fig 1: Dielectric Rectangular Antennas [3]
1.1 Dielectric Material Selection

Dielectric material selection plays a crucial role in the performance of rectangular antennas operating at high frequencies.
The choice of dielectric material directly impacts antenna efficiency, bandwidth, size, and overall effectiveness in various
applications.

e Loss Tangent (tan §): This parameter represents the ratio of dielectric loss to stored energy per cycle. Materials
with lower tan § values exhibit lower loss characteristics, resulting in reduced signal attenuation and heat dissipation
within the antenna structure. Minimizing tan § is essential for maintaining high antenna efficiency.

e Permittivity (¢_r): Dielectric permittivity determines how much the electric field can be stored within the material.
High permittivity materials allow for smaller antenna dimensions for a given operating frequency, which is
advantageous in compact antenna designs. However, high permittivity materials may also increase losses, so a
balance must be struck between size reduction and loss minimization.

e Frequency Stability: Dielectric properties, including permittivity and loss tangent, should remain stable over the
operating frequency range and under varying environmental conditions (e.g., temperature, humidity). Stable
dielectrics ensure consistent antenna performance and reliability.

e Mechanical and Thermal Stability: Antennas may be exposed to mechanical stress and temperature variations in
real-world environments. Dielectric materials should possess adequate mechanical strength and thermal stability to
withstand these conditions without compromising performance.

e Manufacturability: Ease of fabrication and compatibility with manufacturing processes (e.g., molding, machining,
coating) are practical considerations. Materials should allow for precise shaping and integration into antenna
structures without introducing additional losses or complexities [5].

1.2 Antenna Design Optimization

Antenna design optimization involves a multifaceted approach aimed at maximizing performance parameters such as
efficiency, bandwidth, directivity, and impedance matching while minimizing losses and physical size. At its core,
optimization begins with understanding the electromagnetic behavior of the antenna structure and its interaction with
surrounding environments. Key design considerations include the geometric dimensions of the antenna elements, such as
length, width, and height, which are tailored to resonate at specific frequencies of interest. These dimensions not only dictate
the antenna’s resonant frequency but also influence its radiation pattern and impedance characteristics. Additionally, the
shape and configuration of the antenna, whether it's a simple monopole or a complex array, are optimized to achieve desired
radiation characteristics, such as omnidirectional or directional radiation patterns. Surface finish and material selection are
crucial; smooth, low-loss surfaces reduce reflections and dissipative losses, enhancing overall efficiency. Moreover, the
feed mechanism and network design play a critical role in optimizing impedance matching between the antenna and the
transmission line, thereby minimizing reflection losses and maximizing power transfer efficiency. Advanced techniques
such as aperture coupling, microstrip feeds, and baluns are employed to achieve these goals effectively. Environmental
factors, such as temperature and humidity variations, are also considered during optimization to ensure stable performance
over a range of conditions. Finally, numerical simulations and modeling tools, along with empirical testing, validate the
design's performance metrics and allow iterative refinement to achieve optimal antenna performance across a spectrum of
operational scenarios [6].
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1.3 Feeding Techniques

Feeding techniques in antenna design refer to the methods used to transfer radio frequency (RF) energy from the
transmission line to the antenna structure efficiently. The choice of feeding technique directly impacts the impedance
matching, radiation efficiency, and overall performance of the antenna, especially at high frequencies where losses can
significantly affect signal transmission and reception.

One commonly used feeding technique is microstrip feed, which involves coupling the transmission line to a microstrip line
on the antenna substrate. This method offers advantages such as compactness and ease of integration with printed circuit
board (PCB) technologies. By carefully designing the dimensions and location of the microstrip feed, impedance matching
can be optimized, minimizing reflection losses and improving power transfer efficiency. Microstrip feeds are widely
employed in patch antennas and other planar antenna structures due to their simplicity and effectiveness in achieving
broadband impedance matching.

Aperture coupling is another feeding technique that utilizes an aperture in the ground plane of the antenna to couple RF
energy from the transmission line to the radiating element. This method is particularly useful for reducing direct electrical
contact between the feed line and the radiating element, thereby minimizing losses due to conductor resistance and dielectric
absorption. Aperture coupling also allows for flexibility in adjusting the impedance matching by varying the dimensions of
the aperture, which can be crucial for achieving optimal performance in antennas operating over wide bandwidths.

Baluns (balanced-unbalanced transformers) are essential components in feeding techniques, especially in applications
where balanced antennas (such as dipoles) need to be driven by unbalanced transmission lines (such as coaxial cables).
Baluns ensure proper impedance transformation and suppression of common-mode currents, which can degrade antenna
performance and increase losses. They are crucial for maintaining high radiation efficiency and minimizing transmission
line losses in balanced antenna systems.

In addition to these techniques, probe feeding and coaxial feeding are also utilized depending on the specific requirements
of the antenna design and application. Probe feeding involves inserting a probe directly into the radiating element to excite
the antenna, which can simplify design and achieve good impedance matching in certain configurations. Coaxial feeding,
on the other hand, uses coaxial cables to directly feed energy into the antenna, providing robustness and ease of connection
in various antenna setups [7].

Overall, the selection of feeding technique depends on factors such as antenna type, frequency of operation, desired
impedance characteristics, and design constraints. By carefully choosing and optimizing the feeding technique, antenna
engineers can achieve high efficiency, low losses, and reliable performance in a wide range of high-frequency applications
including telecommunications, radar systems, satellite communications, and more. Advanced simulation tools and empirical
validation are often employed to fine-tune feeding techniques and ensure optimal antenna performance under real-world
conditions.

1.4 Radiation Efficiency

Radiation efficiency is a critical parameter in antenna design that measures how effectively electrical power supplied to the
antenna is converted into radiated electromagnetic waves. It is expressed as the ratio of the radiated power to the total input
power supplied to the antenna, including losses. Maximizing radiation efficiency is essential for ensuring effective
communication, radar detection, and other applications where antenna performance directly impacts system performance.

Several factors influence radiation efficiency:

e Conductor Losses: These losses occur in the metallic components of the antenna due to resistive heating and are
primarily dependent on the material properties and dimensions of the conductors used. High-conductivity materials
with low resistivity, such as copper or aluminum, are typically chosen to minimize these losses.

o Dielectric Losses: Dielectric materials used in antennas can contribute to energy losses through absorption and
dissipation of electromagnetic energy as heat. Choosing dielectrics with low loss tangents (tan ) and high
permittivity (¢ _r) helps reduce these losses, thereby improving radiation efficiency.

e Mismatch Losses: These losses occur when there is a mismatch between the impedance of the antenna and the
impedance of the feeding transmission line. Techniques such as impedance matching networks and proper feeding
methods (like microstrip or aperture coupling) are employed to minimize these losses and improve efficiency.
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¢ Environmental Factors: Changes in temperature, humidity, and other environmental conditions can affect the
dielectric properties of materials, leading to variations in antenna performance and efficiency. Stable dielectric
materials and robust antenna designs help mitigate these effects.

e Antenna Design: The geometric configuration and layout of the antenna elements affect its radiation
characteristics. Optimizing the design for resonance, directivity, and radiation pattern helps maximize the amount
of energy radiated in the desired direction and minimize losses due to unwanted radiation [8].

To improve radiation efficiency, antenna designers employ several strategies:

e Material Selection: Choosing materials with low loss tangents and high conductivity reduces losses in both
conductive and dielectric components of the antenna.

e Optimized Design: Ensuring the antenna dimensions, shape, and configuration are tuned for maximum resonance
and efficient radiation pattern, minimizing mismatch losses.

o Feeding Techniques: Implementing efficient feeding techniques such as microstrip feeds or aperture coupling to
ensure maximum power transfer from the transmission line to the radiating elements.

e Advanced Simulation and Measurement: Utilizing electromagnetic simulation tools and measurements to
accurately predict and validate radiation efficiency, allowing for iterative improvements in antenna design.

1.5 Environmental Factors

Environmental factors significantly influence the performance and reliability of antennas, especially those operating at high
frequencies. Understanding and mitigating the effects of environmental conditions is crucial for maintaining consistent
antenna performance in various applications.

e Temperature Variations: Temperature changes can affect the dimensions and electrical properties of antenna
materials, such as metals and dielectrics. Thermal expansion and contraction can alter the resonance frequency and
impedance matching of the antenna, leading to fluctuations in performance. Antenna designs should account for
thermal stability, using materials and structures that minimize dimensional changes over temperature ranges
typically encountered in operational environments.

e Humidity and Moisture: High humidity environments can impact the dielectric properties of materials,
particularly those used in antenna substrates and insulators. Moisture absorption can increase dielectric losses and
alter the effective permittivity of the material, affecting antenna bandwidth and efficiency. Selecting moisture-
resistant materials and protective coatings can mitigate these effects.

¢ Wind and Mechanical Stress: Antennas installed outdoors are subject to wind-induced mechanical stress, which
can deform structural elements and alter antenna dimensions. Mechanical vibrations can also lead to resonance
frequency shifts or fatigue-related failures in antenna components. Design considerations for wind loading,
structural rigidity, and materials with adequate mechanical strength are essential to ensure antenna durability and
long-term reliability in windy environments.

e Corrosion and Environmental Exposure: Exposure to saltwater, pollutants, or corrosive chemicals in industrial
settings can accelerate degradation of antenna materials, particularly metallic components. Corrosion can increase
resistive losses in conductors and degrade electrical performance over time. Using corrosion-resistant materials and
protective coatings can extend antenna lifespan and maintain performance integrity in harsh environmental
conditions.

e Electromagnetic Interference (EMI): Environmental factors can contribute to electromagnetic interference that
affects antenna performance. Sources such as nearby electrical equipment, power lines, or radio frequency
interference (RFI) from other wireless devices can degrade signal quality and reduce antenna efficiency. Shielding
techniques and proper grounding practices help mitigate EMI effects and maintain signal integrity in complex
electromagnetic environments [9-10].
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2. Review of Literature

Sharma and Singh (2009) explore the simulation of a rectangular microstrip patch antenna operating at terahertz (THz)
frequencies between 0.7 and 0.85 THz. They highlight the potential of THz electromagnetic waves to enhance
communication security and density. Their study compares the performance of the antenna with and without a shorting post
configuration, using CST Microwave Studio for simulations. The authors report gains, radiation efficiency, and impedance
bandwidths with and without shorting post configurations, showing slight improvements when the post is used. This
research demonstrates the feasibility of using THz frequencies for advanced communication systems.

Kumar et al. (2009) developed a compact microstrip antenna featuring two symmetrical defected microstrip structures
(DMS) on the patch surface to achieve size reduction. The DMS introduces discontinuities that affect the apparent
permittivity, thereby influencing the antenna's performance. A significant size reduction of 40% at 4.8 GHz was observed.
Despite the introduction of slots, the antenna maintained its performance in terms of radiation pattern, efficiency, and gain.
The study concludes that the shape, size, and position of DMS significantly impact antenna performance, with symmetrical
DMS used to avoid cross-polarization.

Wahab et al. (2010) present a novel antenna structure combining substrate integrated waveguide (SIW) and dielectric
resonator antennas (DRA), offering high radiation efficiency at millimeter-waveband frequencies. The study investigates
the impact of various antenna parameters on performance, comparing experimental data with simulated results from HFSS.
The authors report that the SIW-DRA system exhibits a broadside gain of 5.51 dB and high radiation efficiency, validating
their proposed model. This combination proves effective in overcoming conductor loss issues at high frequencies, making
it a viable option for millimeter-wave applications.

Rashidian et al. (2010) investigate the use of polymer-based materials in the fabrication of dielectric resonator antennas at
millimeter-wave frequencies. The authors emphasize the advantages of polymers, such as flexibility and photosensitivity,
which are not present in ceramics. The study utilizes a photosensitive polymer for antenna fabrication, enabling high-quality
structures through deep X-ray lithography. The proposed antennas exhibit low permittivity, wide impedance bandwidths,
and stable radiation patterns. The research demonstrates the potential for lithography-based batch production of complex
antenna geometries, offering significant benefits over traditional ceramic-based antennas.

Abdel-Wahab et al. (2011) introduce a planar, high-Q-factor waveguide feeding scheme based on the substrate integrated
waveguide (SIW) concept for a rectangular dielectric resonator antenna (RDRA) at the millimeter-wave band. This approach
enhances antenna radiation efficiency by avoiding disturbances from conventional feeding methods. The authors propose a
simple transmission line (T.L.) circuit model to calculate the antenna's reflection coefficient and radiation pattern. The
model is validated through a 1x8 linear antenna array, with simulated results showing good agreement with full-wave
numerical calculations, demonstrating the effectiveness of the proposed feeding scheme.

Huque et al. (2011) present the design, simulation, and analysis of various microstrip array antennas for GHz frequency
applications. The study focuses on optimizing design parameters to achieve compact dimensions while maintaining high
radiation efficiency and gain. The authors compare series feed, corporate feed, and corporate series feed configurations,
using Taconic TLY 5 dielectric substrate in their designs. The antennas demonstrate return losses between 4.21 dB and
25.456 dB at around 10 GHz, with a gain of approximately 15 dB, making them suitable for X-band applications such as
satellite communication and radar.

Ryu and Kishk (2011) propose a compact dielectric resonator antenna (DRA) designed for ultrawideband (UWB)
applications, covering the 3.1-10.6 GHz range. The design integrates the advantages of small-size DRA and thin planar
monopole antennas, resulting in high radiation efficiency, consistent omnidirectional characteristics, and low cross-
polarization across the band. The antenna's dimensions are kept minimal, and the design effectively houses the excitation
feed. The study demonstrates that the coplanar waveguide feed enhances the antenna's performance, making it suitable for
UWB applications.

She et al. (2012) discusses an oversized rectangular waveguide slot array antenna with an air layer, developed using low-
temperature co-fired ceramic (LTCC) technology. The addition of the air layer reduces transmission loss and enhances the
gain and bandwidth of the antenna. The study measures the near-field distribution, showing improved field uniformity on
the aperture due to quasi-TEM mode propagation. The results indicate that the air layer significantly improves the antenna's
performance, making it a promising design for applications requiring high gain and low loss.
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Saidulu et al. (2013) compare the performance of rectangular and square patch antennas with and without dielectric
superstrates at 2.4 GHz. The study examines various antenna characteristics such as resonant frequency, bandwidth,
beamwidth, gain, input impedance, return loss, and VSWR. The authors observe that the addition of dielectric superstrates
shifts the resonant frequency and impacts other parameters, with thicker superstrates leading to increased input impedance
and return loss but decreased bandwidth and gain. The research provides valuable insights into the effects of superstrates
on microstrip antenna performance.

Nawaz et al. (2013) provide a comprehensive review of design techniques for broadband microstrip patch antennas,
highlighting their low weight, conformability, and cost-effectiveness. The review discusses the evolution of patch antennas
over the years, noting their limitations in bandwidth and the recent focus on reconfigurable antennas to overcome these
issues. The authors explore various bandwidth enhancement techniques and the development of multi-band and wideband
reconfigurable designs. The review concludes with a discussion on future trends and the potential of reconfigurable antennas
in addressing modern wireless communication challenges.

3. Conclusion

Effective feeding techniques are essential for mitigating losses in dielectric rectangular antennas at high frequencies.
Through careful analysis and experimentation, techniques like inset feeding and aperture coupling show promise in
minimizing impedance mismatches and enhancing radiation efficiency. These strategies contribute to improving the
reliability and performance of dielectric rectangular antennas in high-speed, high-capacity mmWave networks.
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