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Abstract: Phased array antennas provide the ability to electronically steer a beam, eliminating the need
for mechanical adjustments [1]. While traditionally used in military applications, there is growing
interest in their adoption across various fields [1,2]. Conformal antennas, a type of phased array, are
designed for installation on curved or non-flat surfaces, enabling focused radio wave radiation [1,2].
These antennas can be integrated into various applications, including aerospace, wearable technology,
vehicles, and modern mobile devices [2], while also reducing traditional antenna height to support
the integration and coexistence of multiple radio technologies within a compact area [1,2]. Planar
arrays, composed of elements with phase shifters in a matrix, are compact and cost-effective due
to mass production via printed circuit technology [1–3]. These antennas, when mounted on rigid
surfaces, exhibit robustness, provide beam deflection in two planes, and offer high gain with rapid
beam-switching capabilities [1,3]. However, planar antennas can experience interference between
feed lines and elements, often supporting narrow bandwidths and exhibiting relatively low radiation
efficiency [1,3]. Conformal antennas, which are easily mounted on curved surfaces, are particularly
suited for wearable applications, spacesuits, and aerospace designs [1,2,4]. By minimizing connection
length, they bring electronics closer to the antenna elements, reducing signal loss while enhancing
transmission power and receiver sensitivity, especially at higher frequencies [4]. Research into 3D-
printed conformal antennas has emerged as a significant field of study [1,5]. This paper presents the
mathematical analysis of both planar and conformal antennas, covering key parameters such as gain,
bandwidth, radiation efficiency, and mutual coupling for planar arrays, as well as the width and length
calculations for rectangular microstrip patch antennas used in conformal designs [2,6–8]. Furthermore,
the role of additive manufacturing in antenna development is highlighted, emphasizing its ability to
produce antennas with complex geometries thereby revolutionizing conformal antenna design [1,9].

Keywords: microstrip; microstrip array; planar arrays; conformal arrays; 2D; 3D; antenna arrays;
microstrip antennas; microstrip patch array antenna; planar array antenna; conformal antennas;
microstrip antennas and arrays

1. Introduction
Phased array antennas allow for electronic beam steering, eliminating the need for mechanical

adjustments. A key type of these antennas is the planar array, which consists of multiple radiating
elements arranged in a two-dimensional configuration. Due to their low-profile structure and ease of
fabrication, planar arrays are widely used in wireless communications, aerospace, and automotive
applications [1]. Historically, these antennas have been predominantly utilized in military applications;
however, there is growing interest in their use across a wider range of fields [1,2]. Conformal antennas,
a subset of phased array antennas, are designed and manufactured on curved or predefined non-flat
surfaces [1,2]. These antennas enable the focused radiation of radio waves in specific directions [1,2].
They can be integrated into diverse applications, including aerospace systems, wearable technology,
spacesuits, automobiles, military systems, ships, and modern mobile devices [2,4]. Conformal antennas
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effectively transform the height of traditional antennas into a flatter profile, facilitating the integration
of more radio technologies than conventional antennas can support [1]. The reduced distance between
antenna elements enhances the coexistence of multiple radio technologies within a compact area
[1,2]. It is essential to understand the advantages and disadvantages of both planar and conformal
arrays while also considering the broader aspects of 3D antennas [1,4]. In modern vehicles, passengers
expect continuous access to all radio services [3]. However, additional experimental data is required to
substantiate these claims.

Planar arrays consist of individual elements, each equipped with a corresponding phase shifter
[1,3]. These elements are arranged in a matrix, resulting in a flat antenna structure [1,3,10]. In planar
antennas, both active and parasitic elements are located within a single plane, making them inherently
two-dimensional [1,10]. Common examples of planar antennas include printed circuit board antennas
and microstrip antennas [1,10].

Planar antennas offer several advantages [1,3,10]. They can be highly compact, making them
suitable for most wireless applications [1,10]. Additionally, they are relatively inexpensive due to mass
production using printed circuit technology [1,2,10]. Their low-profile design allows for integration
into aircraft without negatively impacting aerodynamics [1,10]. When mounted on rigid surfaces,
planar antennas are structurally robust [1,3,10]. Furthermore, they are capable of beam deflection
in two planes, providing high gain and significant side-lobe attenuation compared to other antenna
arrays [1,3,10]. Planar antennas also exhibit fast beam-switching times, typically in the microsecond
range [1,3]. Moreover, the failure of certain components within a planar array does not typically lead
to a complete system failure [1,3,10].

However, planar antennas also have limitations [1,3,11]. Feed lines and elements can interfere
with each other, necessitating careful design to mitigate mutual coupling and internal reflections
[1,2,11]. Most planar antennas support only narrow bandwidths, which is particularly problematic for
microstrip antennas [1,11]. Additionally, their radiation efficiency is relatively low compared to other
phased array designs [1,11].

A key method for improving planar antenna gain is through the incorporation of notches and a
shooting pin inside the radiating patch [1,11]

2. Planar Arrays (2D)
Planar arrays are constructed from individual elements, each equipped with a corresponding

phase shifter [1,3,10]. These elements are arranged in a matrix, forming a flat antenna structure [1,3,10].
Planar arrays utilize phase shifters to dynamically steer beams, making them ideal for high-

precision applications such as 5G networks and satellite communication. This configuration enables
high gain and beamforming capabilities, making it suitable for advanced communication systems such
as 5G and satellite networks. These antennas are also cost-effective due to their fabrication through
printed circuit board (PCB) technology [1,10].

Planar antennas offer several advantages [1,3,10]. They can be highly compact, making them
suitable for most wireless applications [1,10]. Additionally, they are relatively inexpensive due to mass
production using printed circuit technology [1,2,10]. Their low-profile design allows for integration
into aircraft without negatively impacting aerodynamics [1,10]. When mounted on rigid surfaces,
planar antennas exhibit robustness [1,3,10]. Furthermore, they provide beam deflection in two planes,
achieving high gain and significant side-lobe attenuation compared to other antenna arrays [1,3,10].
Planar antennas also feature fast beam-switching times, typically in the microsecond range [1,3].
Moreover, the failure of some components within a planar array does not necessarily lead to a complete
system failure [1,3,10].

Despite these advantages, planar antennas also have certain limitations [1,3,11]. Feed lines and
elements can interfere with each other, necessitating careful design to mitigate mutual coupling and
internal reflections [1,2,11]. Most planar antennas support only narrow bandwidths, which poses
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a challenge, particularly for microstrip antennas [1,11]. Additionally, their radiation efficiency is
relatively low compared to other phased array designs [1,11].

A key method for improving the gain of planar antennas involves incorporating notches and a
shooting pin inside the radiating patch [1,11].

Table 1. Key Antenna Performance Metrics

Parameter Definition Importance
Gain (G) Ratio of radi-

ated power in a
given direction
to that of an
isotropic an-
tenna

Defines antenna
efficiency

Bandwidth (BW) Frequency
range where the
antenna oper-
ates efficiently

Determines
multi-band
capability

Radiation Efficiency (η) Ratio of radi-
ated power
to total input
power

Higher effi-
ciency means
better perfor-
mance

2.1. Mathematical Analysis of Planar Arrays

To better understand the characteristics of planar antennas, several key parameters can be mathe-
matically defined [2,6]:

• Antenna Gain (G): The gain of an antenna can be expressed as:

G =
Prad(θ, ϕ)

Piso
(1)

where Antenna gain (G) represents the directional amplification of an antenna relative to an
isotropic radiator. Higher gain ensures efficient transmission and reception of electromagnetic
waves, Prad(θ, ϕ) is the radiated power density in a given direction, and Piso is the radiated power
density of an isotropic antenna [2,6].

• Bandwidth (BW): The bandwidth of an antenna, (BW) defines the operational frequency range
of an antenna, critical for ensuring efficient multi-band performance, is given by:

BW = fH − fL (2)

where fH and fL are the highest and lowest frequencies of operation, respectively [2,7,11].
• Radiation Efficiency (η): This is defined as the ratio of the power radiated to the total power

input into the antenna:

η =
Prad
Pin

(3)

where Prad is the power radiated, and Pin is the total input power [2,7,11].
• Mutual Coupling: The coupling coefficient (Sij) between two elements can be expressed in terms

of the S-parameters of a two-port network:

Sij =
Vi
Vj

(4)
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where Vi and Vj are voltages at different ports, and the subscripts i and j represent different
elements in the array [2,7,11].

• Fractional Bandwidth (FBW): This provides a normalized measure of the bandwidth relative to
the center frequency:

FBW =
BW

fc
(5)

where BW is the bandwidth, and fc is the center frequency [2,6,12].

Figure 1. The three-dimensional radiation pattern of a half-wave dipole antenna operating at 2.6 GHz was
simulated using the HFSS software tool [13]

These mathematical expressions help quantify the performance and characteristics of planar
antennas, enabling better design and optimization [2,6,7,12]. The antenna gain (G) indicates how
effectively an antenna focuses power in a specific direction, while the bandwidth (BW) defines the
range of effective operating frequencies [2,6,7,12]. Radiation efficiency (η) measures the antenna’s
effectiveness in converting input power into radiated power [2,6,7,12]. Mutual coupling is a crucial
parameter that defines the interaction between elements in an array [2,6,7,12]. Finally, fractional
bandwidth (FBW) provides insight into the relative bandwidth compared to the center frequency,
which is essential for evaluating antenna performance in various applications [2,6,7,12].

Figure 2. Gain vs. frequency behavior for the three designed conformal RAs [14]

3. Conformal Arrays (3D)
Conformal antennas are a subset of phased array antennas designed to conform to non-planar

surfaces, making them ideal for integration into vehicles, aircraft, and wearable technology. Unlike con-
ventional antennas that require flat mounting surfaces, conformal antennas integrate seamlessly into
curved structures, enhancing aerodynamic efficiency while maintaining communication performance
[1,2,4].
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Conformal smart antennas integrate electronics close to the antenna elements, minimizing con-
nection length and reducing signal loss [1,4]. This close proximity enhances performance by increasing
transmission power and improving receiver sensitivity, particularly at higher frequencies such as those
used in Wi-Fi, 5G, and V2X communication [4].

These antennas are designed to attach seamlessly to structures, integrating fully without creating
aerodynamic drag [1,5]. Unlike traditional antennas, they are often not visible and use small elements
to transmit signals within the Ka-band, a relatively new frequency range that is expected to drive
advancements in electronic device development, [5]. Research and experimentation in 3D-printed
conformal antennas have grown significantly in recent years, making this a central research area [1,5].

Table 2. Comparison of Planar and Conformal Antennas

Parameter Planar Antennas Conformal Antennas
Structure Flat Surface Curved Surface
Beam Steering Electronic Electronic
Applications Wireless, Radar Aerospace, Vehicles
Manufacturing PCB-based 3D Printing, Flexible Materials

3.1. Mathematical Analysis of Conformal Arrays

The design of conformal antennas can be analyzed mathematically, by [2,8,11]. The width (W)
and length (L) of a rectangular microstrip patch antenna can be approximated using the following
equations:

W =
c

2 fr

√
2

εr + 1
(6)

L =
c

2 fr
√

εeff
− 2∆L (7)

where the width (W) and length (L) of a rectangular microstrip patch antenna define its resonant
frequency and impedance characteristics, making precise fabrication essential for optimal performance,
c is the speed of light, fr is the resonant frequency, εr is the dielectric constant of the substrate, εeff is
the effective dielectric constant, and ∆L is the length extension of the patch antenna [2,8,11].

3.2. Experiment Suggestions for Conformal Antennas

To further develop this research, additional experimental data and a detailed study of the design
parameters that impact the performance of conformal antennas are needed [2,15]. Below are some
proposed experiments that could enhance the manuscript:

• Signal-to-Noise Ratio (SNR): This parameter can be measured and is defined as:

SNRdB = 10 log10

(Psignal

Pnoise

)
(8)

where Psignal is the power of the desired signal, and Pnoise is the power of noise, [2,16]. A
comparative analysis of the SNR of conformal antennas across different frequency bands and
operating conditions is essential [2,16].

• Radiation Pattern Measurement: The radiation pattern should be measured for different curva-
ture angles (θ) of the conformal antenna. The results should be presented as plots of radiation
power as a function of different angles [2,16]. The radiation pattern can be expressed as:

P(θ, ϕ) (9)
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where P(θ, ϕ) represents the radiated power as a function of azimuth (ϕ) and elevation (θ) angles
[2,16].

Figure 3. SNR vs. the frequency (f ) for three different antenna sizes [17]

These experiments are crucial to validating the performance of conformal antennas under various
conditions [2,15]. The SNR measurements provide insights into signal quality, allowing for performance
comparisons at different frequencies and operating environments [2,15]. Similarly, radiation pattern mea-
surements across various curvature angles will help establish the efficiency and effectiveness of conformal
antennas in real-world applications [2,15]. Conducting these detailed experimental studies will substantiate
theoretical claims and contribute significantly to the effective design of conformal antennas [2,15].

4. Automobiles, Planes, and Ships
In automotive and aerospace applications, conformal antennas enable seamless integration with-

out affecting vehicle aesthetics or aerodynamics. Modern aircraft employ conformal antennas to reduce
drag and improve stealth characteristics by minimizing their radar cross-section (RCS) [1,18]. Similarly,
automobiles benefit from these antennas by replacing traditional whip antennas, enhancing both
design and signal reception [1,18].

Additionally, many military ships and aircraft in the United States utilize conformal antennas
to increase the available surface area for electromagnetic wave transmission and reduce drag, which
would otherwise be excessive with conventional antennas [1,18,19].

4.1. Integration in Automotive Applications

The integration of conformal antennas in automobiles is revolutionizing vehicle design and function-
ality [1,20]. Replacing traditional metallic antennas with conformal ones provides multiple benefits:

• Reduced Aerodynamic Drag: Metallic antennas protrude from a vehicle’s surface, creating
aerodynamic resistance and increasing fuel consumption [1,20]. Conformal antennas, integrated
within the vehicle’s body, eliminate this issue, resulting in smoother airflow and improved fuel
efficiency [1,20].

• Enhanced Signal Reception: Conformal antennas provide superior signal reception for both radio
and satellite communications [1,21]. By covering a larger surface area, they can be optimized for
multiple frequency bands, ensuring clearer and more consistent connectivity for passengers [1,21].

• Aesthetic and Functional Design: Conformal antennas allow for more streamlined vehicle
designs without compromising performance [1,21]. This contributes to visually appealing and
aerodynamically efficient vehicles [1,21].

4.2. Aerospace and Military Applications

Conformal antennas are extensively utilized in aerospace and military applications due to their
low profile and high-performance capabilities [1,19].
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• Aircraft Integration: Traditional antennas create significant drag, increasing fuel consumption
and reducing flight efficiency [1,19]. Conformal antennas, seamlessly integrated into an aircraft’s
structure, minimize drag while maintaining aerodynamic performance [1,19].

• Military Vessels: Military ships benefit greatly from conformal antennas [1,19]. By reducing drag
and increasing surface area for electromagnetic transmission, these antennas enhance communi-
cation efficiency while improving fuel consumption [1,19].

• Improved Communication and Radar Capabilities: Conformal antennas enhance radio wave
focusing, leading to improved communication and radar systems, which are essential for both
military and civilian aircraft and vessels [2,22].

4.3. Mathematical Considerations

While specific equations for integrating conformal antennas in vehicles, planes, or ships are not
explicitly provided, several fundamental equations remain applicable [1,9]. Key parameters such
as antenna gain (G), bandwidth (BW), and radiation efficiency (η) are critical in evaluating antenna
performance in these applications [1,23].

• Antenna Gain (G): As previously described in Section II, the gain of an antenna determines its
ability to direct power in a specific direction. In vehicular and aerospace applications, high gain is
crucial for ensuring reliable long-range communication [1,23].

• Bandwidth (BW): Antenna bandwidth is a key parameter in mobile and satellite communication,
where a wider bandwidth ensures better data transmission rates across multiple frequency bands
[3,23].

• Radiation Efficiency (η):

η =
Prad
Pin

(10)

High radiation efficiency ensures effective conversion of input power into radiated power, which
is crucial for maintaining a strong and consistent signal [3,23].

4.4. Future Trends and Challenges

The future of conformal antennas in automotive, aerospace, and military applications appears
promising, though certain challenges remain [24].

• Material Science: Continued research in material science is essential to develop lightweight
materials with high electromagnetic performance, enabling seamless integration [24].

• Manufacturing Techniques: Advances in additive manufacturing (3D printing) are expected to
play a key role in producing complex conformal antenna designs more cost-effectively [10,24].

• Integration Challenges: Designing antennas to conform to curved surfaces requires careful
analysis to ensure optimal performance. Mutual coupling and interference issues must be
minimized as more radio technologies are integrated [1,11,25].

• Regulatory Standards: As the use of conformal antennas expands, new industry standards and
regulations will be necessary to prevent interference with other electronic systems and ensure
safety compliance [25].

By addressing these challenges and leveraging the benefits of conformal antennas, vehicles, air-
craft, and ships will continue to experience enhanced performance and more advanced communication
capabilities [25]. The transition to conformal antennas marks a shift from traditional designs toward
modern solutions that not only improve performance but also enable greater flexibility and efficiency
in antenna integration [1,25].
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5. Additive Manufacturing
The introduction of additive manufacturing (AM) in antenna technology has facilitated the design

of highly customized antennas, including conformal and high-frequency antennas [9]. The capability
to fabricate antennas with intricate geometries enhances their performance while reducing weight and
material waste. 3D printing allows for rapid prototyping, material flexibility, and cost-efficient mass
production of antennas optimized for specific applications [9]

5.1. The Role of 3D Printing in Antenna Design

Additive manufacturing is revolutionizing the design and fabrication of antennas [1]. It offers
a level of flexibility and precision that conventional manufacturing techniques cannot achieve [1,9].
Some key advantages include:

• Complex Geometries: 3D printing enables the fabrication of highly complex and intricate antenna
structures that would be difficult or prohibitively expensive to produce using traditional methods
[1,26]. This capability allows for the optimization of antenna performance for specific applications
[1,26].

• Rapid Prototyping: The ability to quickly produce prototypes is a major advantage of 3D printing
[1,26]. Designers can test and iterate different antenna configurations efficiently, accelerating
innovation cycles [1,26].

• Customization: Additive manufacturing enables the production of customized antennas tailored
to specific needs [1,26]. This is particularly beneficial for niche applications where off-the-shelf
antennas are inadequate [1,26].

• Material Versatility: 3D printing supports a variety of materials, including plastics, ceramics, and
metals, providing greater flexibility in material selection [1,27]. This allows for the fabrication of
antennas with tailored electrical, mechanical, and thermal properties [1,27].

5.2. Applications of Additive Manufacturing in Antenna Technology

The impact of 3D printing on antenna technology extends beyond prototyping and into mass
production [27]. Some notable applications include:

• Conformal Antennas: Additive manufacturing is essential for the production of conformal
antennas [1,28]. Its ability to create complex curved shapes makes it ideal for integrating antennas
into vehicles, wearable devices, and aerospace structures [1,28].

• Phased Array Antennas: 3D printing facilitates the fabrication of phased array antennas with
extremely small and closely spaced elements, essential for beam steering and advanced commu-
nication systems [28].

• High-Frequency Antennas: The high precision achievable through 3D printing enables the
fabrication of antennas operating at high frequencies, such as those used in 5G and satellite
communication [28].

• Integrated Antennas: Additive manufacturing allows for the seamless integration of antennas
with other electronic components, leading to more compact and efficient systems [29].

5.3. Mathematical Considerations in Additive Manufacturing for Antennas

Although additive manufacturing primarily focuses on the physical fabrication of antennas, its
impact on performance can be quantified mathematically [29]. The design process often involves the
use of simulation software to model antenna characteristics before fabrication [29].

• Antenna Geometry: The accuracy of 3D printing directly influences antenna geometry, which
affects parameters such as resonant frequency, bandwidth, and radiation pattern [30]. Small
deviations from the intended dimensions can significantly impact performance [30]. As discussed
in Section III, the width and length of microstrip patch antennas must be carefully controlled
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during the 3D printing process to maintain accurate frequency response [2,30]. Ensuring precise
control of these parameters during fabrication is critical for achieving the desired electrical
characteristics [2,30].

• Material Properties: The dielectric constant (εr) and conductivity of the materials used play a
crucial role in antenna performance [2,31]. Variations in material properties, influenced by the
printing process, can be analyzed through simulation tools [2,31].

• Surface Roughness: 3D-printed surfaces may exhibit roughness, which can affect radiation effi-
ciency and signal propagation [31]. This effect can be quantified and optimized using appropriate
simulation techniques [31].

5.4. Challenges and Future Directions

Despite the numerous advantages of 3D printing in antenna technology, several challenges remain
[32]:

• Material Limitations: While 3D printing offers material versatility, the range of materials with
optimal electromagnetic properties remains limited [1,32]. Further research is needed to develop
materials specifically optimized for antenna applications [1,32].

• Printing Precision: Maintaining the high level of precision required for certain antenna designs
is a continuing challenge [32]. Ensuring dimensional accuracy and repeatability in the printing
process is essential for mass production [32].

• Cost and Scalability: Although 3D printing is cost-effective for prototyping, its efficiency for
mass production remains a challenge [33]. Improving the cost-effectiveness and scalability of the
technology is an ongoing research area [33].

• Post-Processing Requirements: Many 3D-printed antennas require post-processing to achieve
the desired surface finish or mechanical properties [33]. Reducing the need for additional post-
processing steps will help streamline the manufacturing process [33].

The continued advancement of 3D printing is expected to drive further innovations in antenna
design [33]. As the technology matures, it will play an increasingly significant role in producing
high-performance antennas for a wide range of applications [33]. This progression will support further
research and development in the field of electromagnetic devices and systems [33].

6. Conclusion
Conformal antennas have become an essential technology for electromagnetic wave-emitting

devices [1,34]. Their design considerations and structural integration in vehicles and other devices
have resulted in substantial communication benefits [1,34].

The advancement of 3D printing in antenna technology is expected to drive further innovations in
phased array and conformal antennas. Future research should focus on optimizing printable materials
and refining manufacturing processes to improve antenna performance and cost-efficiency [1,34].
Conformal antenna design is a growing trend in the automotive industry, with traditional antenna
designs expected to become obsolete [1,34]. The concept of smart conformal antennas addresses these
challenges through a cost-effective approach [1,34].

6.1. The Impact of Conformal Antennas

Conformal antennas represent a significant advancement in antenna technology, offering numer-
ous advantages over traditional planar antennas [1,2,35] Their ability to conform to curved surfaces
enables seamless integration into various devices and structures [2,35]. This integration is crucial
in applications where aerodynamics, aesthetics, or space constraints are important considerations
[3,10,35]. The increasing demand for versatile and efficient wireless communication solutions is driving
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the transition towards conformal antennas [1,2,35]. These antennas are not merely a replacement for
older technologies but an enabling technology for new applications [11,35].

The benefits of conformal antennas can be summarized as follows [36,37]:

• Enhanced Integration: Conformal antennas can be seamlessly incorporated into the surfaces of
various objects, eliminating the need for bulky protruding antennas [2,36]. This is particularly
beneficial for vehicles, wearable devices, and aerospace applications [2,6,7,10,36].

• Improved Performance: By placing antennas closer to electronic components, conformal antennas
reduce signal loss, increase transmission power, and enhance receiver sensitivity, especially at
higher frequencies [2,36].

• Aerodynamic Benefits: In aerospace and automotive applications, conformal antennas reduce
drag and contribute to improved aerodynamic efficiency [10,37].

• Aesthetic Appeal: The ability to integrate antennas within a structure enhances the visual design
of devices and vehicles by eliminating external protrusions [10,37].

• Versatile Applications: Conformal antennas are widely used in military, commercial, and con-
sumer electronics applications [2,3,6,37].

6.2. The Role of 3D Printing in Conformal Antenna Manufacturing

The rise of additive manufacturing, or 3D printing, is transforming the production of conformal
antennas [11,38]. This technology facilitates the creation of antennas with intricate geometries that
would be challenging or impossible to produce using conventional manufacturing techniques [11,12,38].

The rise of additive manufacturing, or 3D printing, is transforming the production of conformal
antennas. This technology facilitates the creation of antennas with intricate geometries that would
be challenging or impossible to produce using conventional manufacturing techniques. 3D printing
enables rapid prototyping and customization, accelerating innovation and facilitating the development of
antennas tailored to specific applications [11,38]. Furthermore, additive manufacturing expands material
possibilities, allowing the fabrication of antennas with optimized performance characteristics [11,38].

6.3. Future Work

While the field of conformal antennas has made significant advancements, several areas require
further research and development [39]:

• Material Development: New materials with enhanced electrical, mechanical, and thermal prop-
erties are needed for conformal antenna applications [11,39]. Research into materials with high
conductivity, low dielectric loss, and good mechanical flexibility is critical to optimizing antenna
performance and reliability [11,39].

• Advanced Design Techniques: Continued research is required to develop advanced design
methodologies that fully exploit the capabilities of conformal antennas [1,2,40]. This includes the
development of new algorithms and simulation tools for accurately predicting the performance
of complex antenna structures [1,2,40].

• Experimental Validation: Additional experimental data is needed to verify the performance of
conformal antennas under different operating conditions [2,40]. This includes real-world testing
to assess reliability and robustness [2,40]. Studies on signal-to-noise ratio (SNR) variations across
different frequency bands and operational conditions are necessary [4,40]. Measurements of
radiation patterns for different curvature angles will further validate theoretical models [4,40].

• Integration with Other Technologies: Research is required to explore the integration of conformal
antennas with other electronic components and systems [7,41]. This includes developing new
packaging techniques and integration strategies to minimize interference and optimize overall
system performance [7,41].
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• Cost-Effective Manufacturing: Although 3D printing offers numerous advantages in fabricating
conformal antennas, there is a need for more cost-effective manufacturing techniques [11,41].
This includes developing scalable production processes for mass-producing conformal antennas
[11,41].

• Standardization: The field of conformal antennas would benefit from standardized testing
methods and performance metrics [1,2,42]. Standardization would facilitate comparisons be-
tween different antenna designs and improve their integration into commercial and industrial
applications [1,2,42].

Addressing these research areas will contribute to the development of more efficient, reliable,
and versatile conformal antenna solutions [42]. Future research should focus on expanding the
applications of these antennas while leveraging their unique properties to benefit various industries
and technological advancements [42].
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