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This paper presents the design and performance evaluation of a Substrate-Integrated 

Waveguide (SIW) antenna fabricated using 3D printing technology, with a focus on 

optimizing its performance for future free-space applications. The proposed antenna 

integrates an SIW structure with a horn antenna concept, effectively combining the 

transmitter and receiver functions into a compact, monolithic substrate. This approach 

provides a miniaturized alternative to conventional free-space material characterization 

setups, leveraging SIW technology to replace bulky horn antennas with integrated 

structures. The study demonstrates the feasibility of compact free-space techniques for 

non-destructive testing, sensing, and electromagnetic material characterization 

applications. The study involves modeling and simulation using Computer Simulation 

Technology (CST) software, focusing on antenna performance in the G-band range (4–

6 GHz). The fabricated prototype demonstrates resonant frequencies at 5.02 GHz and 

6.0 GHz, with a scattering parameter below -10 dB and a well-defined radiation pattern, 

exhibiting sidelobes at -2.7 dB. The antenna is fabricated using biodegradable Polylactic 

Acid (PLA) material, reinforcing the potential for sustainable electronics while 

maintaining structural integrity and electromagnetic compatibility. While this study 

does not yet validate the antenna for material characterization, the results confirm its 

feasibility as a compact, cost-effective alternative to conventional free-space setups. 

This work lays the foundation for further optimization and experimental validation, 

advancing the role of 3D-printed SIW antennas in free-space applications. 
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1. Introduction 

     Substrate-Integrated Waveguide (SIW) 

antennas fabricated using 3D printing 

technology represent a significant advancement 

in electromagnetic design and manufacturing 

[1-2]. These antennas offer several advantages, 

including compact size, cost-effectiveness, and 

excellent performance for high-frequency 

applications, making them suitable for modern 

 
* Corresponding author. 

E-mail address: hafizahs@umpsa.edu.my 

DOI: 10.24237/djes.2025.18110 

This work is licensed under a Creative Commons Attribution 4.0 International License.  

communication and sensing technologies [3-5]. 

SIW technology combines the benefits of 

microstrip and waveguide structures, providing 

reduced radiation losses, improved stability, and 

efficient power handling in electromagnetic 

wave transmission applications.  

     One emerging application of SIW antennas is 

in free-space measurement techniques, which 

conventionally rely on separate, bulky horn 

antennas for material characterization and 
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electromagnetic property analysis [6-8]. 

Conventional free-space setups involve 

transmitter and receiver antennas positioned at a 

fixed distance to analyze the dielectric 

properties of a material placed in between. 

While effective, these systems are often large, 

expensive, and require precise alignment, 

limiting their practical integration into compact 

sensing platforms [9-11]. A more integrated 

approach using SIW antennas could provide a 

miniaturized and cost-efficient alternative to 

conventional free-space setups, improving 

system flexibility while maintaining high-

frequency performance. 

     Recent advancements in 3D printing 

technology have enabled the fabrication of SIW 

antennas with complex geometries, offering 

new possibilities for antenna miniaturization 

and sustainability [12-15]. However, optimizing 

the design and performance of 3D-printed SIW 

antennas remains a critical challenge, 

particularly in ensuring reliable electromagnetic 

characteristics while minimizing fabrication 

constraints [16-19]. 

     This paper presents a preliminary study on 

the design and performance evaluation of a 3D-

printed SIW antenna, focusing on its potential as 

a compact alternative for free-space 

applications. The antenna integrates an SIW 

structure with a horn antenna concept, aiming to 

enhance gain and directivity within a single 

substrate. The study involves modeling and 

simulation using Computer Simulation 

Technology (CST) software, evaluating its 

performance in the G-band range (4–6 GHz). 

The antenna achieves resonant frequencies at 

5.02 GHz and 6.0 GHz, with a scattering 

parameter below -10 dB and a well-defined 

radiation pattern, exhibiting sidelobes measured 

at -2.7 dB. Fabrication is carried out using 

Polylactic Acid (PLA) to highlight 

sustainability aspects. While this work does not 

yet validate the antenna for material 

characterization, it demonstrates the feasibility 

of a more compact and integrated free-space 

measurement setup. 

     The rest of this paper is organized as follows: 

Section 2 reviews relevant literature on SIW 

antenna performance and their applications. 

Section 3 outlines the antenna design 

methodology, including integrating the SIW and 

horn antenna concepts and the fabrication 

procedure using 3D printing technology. 

Section 4 presents the results and analysis, while 

Section 5 compares the findings with previous 

works. Finally, Section 6 concludes the paper by 

summarizing significant insights and discussing 

potential future optimizations for SIW antennas 

in free-space applications. 

2. Related work 

     Various antenna technologies have been 

explored to enhance performance parameters 

such as gain, bandwidth, and efficiency. Among 

them, SIW antennas have gained significant 

attention due to their compact structure, low-

loss characteristics, and suitability for high-

frequency applications. However, despite these 

advantages, SIW antennas often suffer from 

gain limitations and narrow bandwidth, 

necessitating further optimization.  

     Several studies have attempted to enhance 

SIW antenna performance using different 

design techniques. Amer et al. (2018) [20] 

developed a cavity-backed slot SIW antenna, 

achieving a gain of 6.35 dB. While this 

demonstrated improved performance, 

conventional antennas typically exhibit higher 

gains, highlighting the need for further 

modifications. Alnaiemy et al. (2020) [21] 

addressed this by incorporating electromagnetic 

bandgap (EBG) structures, enhancing the 

boresight gain from 1.5 dBi to 11.2 dBi at 5.8 

GHz and increasing aperture efficiency from 

4.1% to 38.8%. Similarly, Anusha et al. (2021) 

[22] integrated Split-Ring Resonators (SRR) 

into microstrip antennas, significantly 

improving both gain and bandwidth. 

     Beyond these techniques, recent 

advancements in SIW structures have explored 

novel approaches for performance 

improvement. Jin et al. (2024) [23] introduced a 

slow-wave SIW resonator, demonstrating 

enhanced efficiency and reduced losses 

compared to conventional planar transmission 

lines. Meanwhile, Chen et al. (2023) [24] 

investigated flexible SIW resonators 

incorporating nanodiamond materials, 

achieving higher gain and lower hysteresis, 
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though flexibility introduced additional 

fabrication challenges. Additionally, Amiri et al. 

(2021) [25] explored metamaterial-based SIW 

antennas to improve radiation characteristics, 

demonstrating high precision in wave 

propagation control, though bandwidth 

constraints and environmental interference 

remained significant hurdles.

Table 1: Summary of SIW-based antenna studies and their performance enhancements 

Ref. SIW Type Performance Highlights Application 

[20]  Cavity-backed slot SIW Gain: 6.35 dB Antenna performance 

optimization 

[21]  SIW with EBG structure Gain: 1.5 → 11.2 dBi; 

Efficiency: 4.1% → 38.8% 

Bandwidth & gain 

enhancement 

[22]  SIW with SRR integration Significant gain and 

bandwidth improvement 

High-efficiency antenna 

design 

[23]  Slow-wave SIW resonator Enhanced efficiency, 

reduced loss. 

Antenna miniaturization. 

 
[24]  Flexible SIW with 

nanodiamonds 

High gain, low hysteresis. 

 

Flexible antenna 

applications 

[25]  Metamaterial-based SIW High precision wave 

propagation 

Electromagnetic 

performance improvement 

     These studies, summarized in Table 1, 

underscore the ongoing efforts to optimize SIW 

antenna performance, particularly in terms of 

gain enhancement, bandwidth expansion, and 

structural integration. However, further 

innovation is required to improve efficiency for 

free-space applications, where minimizing 

losses and maximizing radiation effectiveness 

are crucial. The next section discusses the 

proposed design, which leverages 3D printing 

technology to achieve enhanced performance, 

sustainability, and structural flexibility. 

3. Methodology 

     The proposed 3D-printed SIW antenna is 

designed based on fundamental SIW antenna 

principles and optimized using CST software. 

This section outlines the systematic approach to 

antenna design, simulation, optimization, and 

fabrication, ensuring its suitability for free-

space applications and material 

characterization. 

     The methodology begins with modeling an 

SIW-based horn antenna, followed by 

performance optimization. Initially, the design 

was simulated using FR-4 as the substrate 

material. However, for alignment with 

fabrication feasibility and sustainability, PLA 

was selected for both simulation and fabrication. 

The PLA substrate integrates two horn antennas, 

with their spacing adjusted to optimize 

electromagnetic wave propagation and 

minimize signal loss. The antenna’s 

performance was evaluated under different 

configurations to refine its response, particularly 

by analyzing the spacing between the horns and 

its impact on transmission characteristics. 

Performance metrics, including scattering 

parameters (S-parameters), were assessed to 

ensure efficient operation, targeting S11 values 

below -10 dB for minimal signal loss [26]. Once 

the design was optimized, the antenna was 

fabricated using PLA and tested experimentally. 

The measured results were compared with 

simulations to validate the design and assess its 

potential for future sensing applications, 

particularly in free-space characterization 

setups. 

3.1 Theoretical Basis for SIW Design 

       The SIW operates similarly to a 

conventional rectangular waveguide but offers 

the advantage of being integrated onto a planar 

dielectric substrate. A waveguide is a physical 

structure that confines and directs 

electromagnetic waves, with specific 

propagation characteristics, defined by its 

boundaries [27-28]. In a waveguide, the mode of 

propagation depends on the structure’s 

geometry and the frequency of the wave. The 

two primary waveguide modes are Transverse 
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Electric (TE) and Transverse Magnetic (TM). In 

TE mode, the electric field is entirely transverse 

to the direction of propagation, meaning there is 

no electric field component in the propagation 

direction. In contrast, in TM mode, the magnetic 

field is entirely transverse, implying that the 

electric field has a component in the direction of 

wave propagation. In an SIW structure, rows of 

conducting vias are embedded in a dielectric 

substrate between two metallic plates, forming a 

guiding structure that confines electromagnetic 

waves within the substrate. This configuration 

ensures effective signal transmission while 

maintaining a compact and planar form factor, 

making it highly suitable for integration into 

modern electronic systems. The design of an 

SIW antenna follows classical waveguide 

theory, where the cutoff frequency plays a 

fundamental role in defining its operational 

characteristics. The cutoff frequency, denoted as 

𝑓𝑐, represents the lowest frequency at which the 

waveguide allows propagation. The cutoff 

frequency for a rectangular waveguide is given 

by Eq. (1). Figure 1 depicts the basic structure 

of the SIW antenna. 

 

  𝑓𝑐=
𝑐

2𝜋 √(
𝑚𝜋

𝑊𝑒𝑞
)2 + (

𝑛𝜋

𝐿𝑒𝑞
)2                           (1)  

Where 𝑐 is the speed of light, 𝑚 and 𝑛 are the 

mode indices, and 𝑊𝑒𝑞 and 𝐿𝑒𝑞 are the 

equivalent width and length of the SIW. This 

equation defines the frequency at which the 

waveguide transitions from cutoff to 

propagation.

 

Figure 1. Basic structure of SIW antenna design [29]. 

In the design process, the width of the 

waveguide, 𝑊𝑒𝑞, is an important parameter, and 

it is determined by Eq. (2) [29].  

𝑊𝑒𝑞 = 𝑤 −
𝑑2

0.95𝑝
                                             (2)  

where w is the waveguide width, d is the 

diameter of the vias, and p is the distance 

between the vias. These parameters must be 

carefully optimized to ensure the desired 

performance of the antenna. A key design 

constraint for SIW structures is the ratio of the 

via diameter (d) to the waveguide width (w). To 

maintain effective waveguide operation, this 

ratio is typically kept below 2, as defined by Eq. 

(3) [3]. 

  
𝑑

𝑤
< 2                                                            (3) 

If the ratio of  
𝑑

𝑤
 becomes too large, it can 

significantly reduce the effective width of the 

waveguide, thereby limiting the ability to 

confine the electromagnetic waves and affecting 

the overall antenna performance. 

Similarly, the distance between the vias, 

represented by p, is another important 

parameter. The ratio of via pitch (p) to via 

diameter (d) is crucial for ensuring proper wave 

confinement. To avoid leakage, this ratio should 

not exceed 2.5, as expressed by Eq. (4).  If the 

ratio 
𝑝

𝑑
 exceeds 2.5, the gaps between the vias 

may allow significant electromagnetic wave 

leakage, which can degrade the waveguide’s 

performance and reduce energy confinement[3]. 
𝑝

𝑑
< 2.5                                                              (4) 

To reduce return and leakage losses, it was 

determined that the diameter of the hole needed 

to fulfil certain geometric limitations, defined 

by Eqs. (5) and (6) [29]. 

𝑑 <
𝜆𝑔

5
                                                            (5) 

d
p

Via

Via
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𝑝 ≤ 2𝑑                                                            (6) 

Here, 𝜆𝑔 is the guided wavelength, which 

represents the wavelength of the signal within 

the waveguide. It is shorter than the free-space 

wavelength 𝜆0 due to the dielectric material of 

the substrate. The condition 𝑑 <
𝜆𝑔

5
 ensures that 

the via diameter is sufficiently small to maintain 

proper wave confinement, minimize leakage, 

and preserve the SIW’s desired performance 

characteristics. The condition p<2d also defines 

the relationship between the via pitch (p) and the 

via diameter (d), where p is the distance between 

the centres of adjacent vias, and d is the diameter 

of each via. This ensures the vias are sufficiently 

close to minimize leakage and maintain 

effective waveguiding behavior. 

      In this study, the SIW antenna design 

adheres to these theoretical principles to 

optimize wave confinement and signal 

propagation. By carefully selecting and 

adjusting significant parameters such as via size, 

spacing, and equivalent width, the proposed 

design aims to achieve efficient electromagnetic 

performance with minimal signal loss, ensuring 

reliable operation in future sensing applications. 

3.2 Simulation of the proposed antenna design 

configuration and their analysis 

      The proposed SIW antenna design 

incorporates principles derived from the free-

space method, which have been adapted into a 

configuration featuring horn antennas integrated 

onto a single substrate. To evaluate the 

antenna’s performance and refine its structural 

parameters, simulations were conducted using 

CST software. These simulations examined 

various configurations to optimize wave 

propagation efficiency and minimize signal 

loss. Initially, the antenna was designed using an 

FR-4 substrate, consistent with standard 

waveguide fabrication methods. However, to 

align the simulation results with the material 

intended for fabrication, the FR-4 substrate was 

replaced with PLA. The decision to use PLA 

was influenced by its compatibility with 

sustainable 3D printing techniques, which 

provide both precision and environmental 

benefits. 

3.2.1 Basic Design of the Proposed SIW 

Antenna     

      The development of the proposed SIW 

antenna began with a validation phase to ensure 

that the simulation methodology accurately 

captured the intended electromagnetic behavior. 

The initial design followed the structure of a 

reference SIW antenna, which served as a 

fundamental framework for comparison and 

improvement.  

      In the first phase of simulation, FR-4 was 

used as the substrate material, replicating the 

basic SIW design to confirm the effectiveness of 

CST software for modeling the structure. The 

basic SIW antenna, as illustrated in Figure 2(a), 

consists of a dielectric substrate with two rows 

of conducting vias forming the waveguide. This 

configuration acts as a guided transmission line 

for electromagnetic waves, making it a 

straightforward and efficient design for initial 

validation. To enhance performance, the SIW 

structure was modified by integrating a horn-

shaped extension at both ends, as shown in 

Figure 2(b). This modification aimed to improve 

the resonant frequency response and overall 

efficiency of the antenna. The horn sections 

serve as transmitter and receiver components, 

inspired by the free-space method’s approach to 

electromagnetic wave propagation. The 

transition from a standard SIW structure to a 

horn-shaped SIW antenna allows for better 

impedance matching and higher gain, resulting 

in improved radiation characteristics. The 

dimensions of the basic SIW horn antenna are 

summarized in Table 2. The structure includes 

circular vias with a diameter (d) of 1.00 mm, 

spaced at a pitch (p) of 4.70 mm between 

consecutive vias in the same row. The vertical 

spacing (a) between the rows of vias is 12.76 

mm. The overall width (W) is 160.00 mm, while 

the total length (𝐿𝑇) is 170.00 mm, divided into 

two sections: a feed length (𝐿1) of 42.05 mm and 

a flare length (𝐿2) of 121.49 mm. 
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Figure 2. Proposed SIW Design in CST (a) Basic SIW Antenna (b) SIW Horn Antenna. 

Table 2: Parameters of Basic SIW Horn Antenna. 

Parameters Dimensions (mm) 

Diameter of hole, d 1.00 

Distance between 2 via (pitch), p 4.70 

Distance between 2 rows of via, a 12.76 

Total width, W 160.00 

Length of feed, L1 42.05 

Length of flare, L2 121.49 

Total length, LT 170.00 

Flare length, 𝒂𝑳 156.39 

Substrate thickness, zs 1.62 

Flare angle, 𝜽 30.50o 

The flare section, designed with a flare 

angle (θ) of 30.50°, results in a calculated flare 

length (𝑎𝐿) of 156.39 mm. The substrate 

thickness (𝑍𝑠) is 1.62 mm. 

      By comparing the performance of the basic 

SIW structure with the modified horn-shaped 

design, the simulations confirmed that the horn-

shaped antenna offered a significant 

improvement in resonant frequency response 

and impedance matching. These findings 

validated the simulation approach and 

established a strong foundation for further 

enhancements, which are explored in the next 

phase of design modifications. 

3.2.2 Implementation of the Free-space Method 

in the Proposed SIW Antenna Design 

      Building on the validated horn-shaped SIW 

antenna design, the next phase of the study 

involved integrating the transmitter and receiver 

onto a single substrate, inspired by the free-

space measurement method [30-32]. This stage 

aimed to optimize the antenna’s configuration 

before transitioning from FR-4 to PLA for 

fabrication. The proposed setup consists of two 

identical horn antennas positioned 

symmetrically on the same substrate, ensuring 

balanced performance and efficient wave 

transmission. 

(a)

L1 L2

(b)

F
la

re
 l
e
n
g
th

, 
a

L

LT
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Figure 3. Proposed SIW two-horn antenna with varied configuration (a) 20mm gap; (b) 20mm loading; and (c) no 

loading. 

.

This configuration was designed to evaluate 

the antenna’s response under different 

arrangements and to determine the most 

effective way to facilitate free-space wave 

propagation. Three different configurations 

were implemented and analyzed through 

simulation to assess the effectiveness of the 

free-space method, as illustrated in Figure 3. 

The first configuration (Figure 3a) introduced a 

20-mm gap between the two horn antennas to 

simulate a scenario where spatial separation 

influences electromagnetic wave transmission. 

The second configuration (Figure 3b) 

incorporated a 20-mm loading section between 

the two horns, enhancing electromagnetic 

coupling and interaction. The third 

configuration (Figure 3c) completely eliminated 

the gap, forming a continuous structure that 

maximized integration and minimized signal 

loss. 

      To achieve optimal performance, the 

parameters of the horn antennas were 

systematically adjusted, with their detailed 

dimensions provided in Table 3. Each horn 

structure consists of circular vias with a 

diameter (d) of 1.50 mm, evenly spaced at a 

pitch (p) of 2.00 mm. The vertical spacing (a) 

between the rows of vias measures 20.00 mm. 

The total length of the antenna is divided into 

two sections: a feed section (L1) measuring 

11.65 mm and a flared horn section (L2) 

measuring 28.27 mm. The flare section is 

designed with a flare angle (θ) of 27.95°, leading 

to a calculated flare length (aL) of 50.00 mm. 

      By analyzing the results obtained from these 

three configurations, the study focused on 

understanding how integrating the two horn 

antennas onto a single substrate affected overall 

antenna performance. The simulations provided 

valuable insights into the ability of each 

configuration to maintain efficient wave 

propagation while minimizing unwanted 

reflections and losses. These findings served as 

a foundation for finalizing the design and 

transitioning to PLA as the dielectric material in 

the subsequent phase. 
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Table 3: Dimensions for parameters of single SIW horn antenna 

Parameters Dimensions (mm) 

Diameter of hole, d 1.50 

Distance between 2 via (pitch), p 2.00 

Distance between 2 rows of via, a 20.00 

Length of feed, L1 11.65 

Length of flare, L2 28.27 

Flare length, 𝑎𝐿 50 

Substrate thickness, 𝑍𝑠 1.60 

Flare angle, θ 27.95o 

3.2.3 Final Proposed SIW Antenna Design 

      After evaluating the performance of the horn 

antenna configurations, particularly those 

shown in Figures 3b and 3c, the study focused 

on further refining the SIW antenna design to 

enhance its structural integration and ensure 

suitability for free-space applications. One of 

the critical considerations in this refinement was 

the selection of a suitable substrate material, as 

it directly influences the antenna’s 

electromagnetic performance, fabrication 

feasibility, and environmental impact. While 

conventional antenna substrates, such as FR-4 

and Rogers laminates, are widely used due to 

their stable dielectric properties, they also come 

with certain limitations. FR-4, for example, is 

cost-effective but exhibits higher dielectric 

losses, whereas Rogers materials provide 

superior electrical performance but at a 

significantly higher cost. 

      In this study, Polylactic Acid (PLA) was 

selected as the dielectric material due to its 

balance between performance, fabrication 

flexibility, and sustainability. Compared to 

traditional substrates, PLA offers unique 

advantages that make it a viable alternative for 

3D-printed antenna applications. In terms of 

dielectric properties, PLA exhibits a loss tangent 

(tanδ = 0.001), which is lower than that of FR-4 

(tanδ = 0.02), leading to reduced dielectric 

losses, improved radiation efficiency, and 

minimal signal attenuation [33]. Although 

Rogers laminates have an even lower loss 

tangent (tanδ < 0.002), their high cost and 

specialized manufacturing requirements make 

them less practical for rapid prototyping and 

cost-sensitive applications. Furthermore, PLA’s 

relative permittivity (𝜀𝑟 = 3.549) is lower than 

that of FR-4 (𝜀𝑟 = 4.4), which helps to minimize 

impedance mismatches and improve bandwidth, 

while also contributing to better gain 

performance compared to FR-4-based designs 

[34]. 

      Beyond its electrical properties, PLA’s 

compatibility with 3D printing makes it 

particularly advantageous for fabricating 

intricate antenna structures that would be 

challenging to achieve using conventional PCB-

based FR-4 or Rogers substrates [35]. The 

ability to manufacture antennas with high 

precision and complex geometries directly 

impacts performance optimization, especially 

for applications requiring customized 

waveguiding structures. However, despite these 

benefits, PLA does have lower temperature 

stability compared to Rogers laminates, which 

could affect long-term performance under 

extreme environmental conditions. 

Nevertheless, for the intended application, PLA 

offers sufficient mechanical rigidity and 

dimensional stability to ensure practical 

usability. In addition to its electrical and 

fabrication advantages, PLA stands out as an 

environmentally sustainable alternative. Unlike 

FR-4 and Rogers laminates, which contribute 

significantly to electronic waste, PLA is 

biodegradable and recyclable, making it an 

attractive option for sustainable engineering 

applications. Furthermore, it provides a cost-
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effective alternative, offering better 

performance than FR-4 while remaining 

significantly more affordable than Rogers 

materials. This combination of dielectric 

performance, fabrication feasibility, and 

environmental benefits positions PLA as a 

promising substrate for next-generation antenna 

technologies, particularly those leveraging 

additive manufacturing techniques. 

      To achieve optimal performance, the design 

parameters were fine-tuned based on insights 

gained from the previous configurations. The 

finalized antenna design, as detailed in Figure 4 

and Table 4, features an overall width (W) of 

74.00 mm and a total length (LT) of 114.00 mm. 

This length is divided into two sections: a feed 

section (L1) measuring 10.70 mm and a flared 

section (L2) measuring 23.00 mm. The flare 

section has a flare angle (θ) of 17.00°, resulting 

in a calculated flare length (aL) of 68.47 mm. 

Additionally, a loading section was introduced 

between the two horn shaped antennas, serving 

to enhance structural integrity and functional 

integration. 

      The final design reflects the most optimized 

configuration achieved in this study, ensuring 

effective signal transmission with minimal 

losses.  

 

Figure 4. Final design of our proposed SIW horn antenna in CST.       

Table 4: Dimensions for parameters of free-space concept SIW antenna 

Parameters Dimensions (mm) 

Diameter of hole, d 2.00 

Distance between 2 via (pitch), p 2.67 

Distance between 2 rows of via, a 55.00 

Total width, W 74.00 

Length of feed, L1 10.70 

Length of flare, L2 23.00 

Length of loading, L3 42.00 

Total length, LT 114.00 

Flare length, 𝑎𝐿 68.47 

Flare angle, 𝜃 17.00o 

  

LT
L3L2L1

WT a



Md Mahabub Alam et al.  / Diyala Journal of Engineering Sciences Vol (18) No 1, 2025: 170-191 

179 

 

While this study primarily focuses on 

validating the antenna’s design and 

performance, the structure also allows for future 

applications where a Material Under Test 

(MUT) could be placed between the two horns 

for sensing and measurement purposes. The 

simulation results confirm that the proposed 

antenna configuration meets the desired 

performance criteria, demonstrating its 

feasibility for free-space applications. With this 

optimized design finalized, the next stage 

involves fabricating the antenna and conducting 

experimental validation, which will be detailed 

in Section 3.3. 

3.3 Fabrication of 3D-printed SIW Antenna 

      The final design of the SIW horn antenna 

was fabricated using an Ender 5 3D printer with 

PLA filament. PLA was selected due to its 

compatibility with 3D printing, eco-friendly 

nature, and recyclability, aligning with 

sustainable fabrication practices [36-37]. The 

antenna components were first designed and 

simulated in CST software before being 

exported in STL format. These files were then 

imported into Ultimaker Cura software for 

slicing and configuring the 3D printer settings. 

To ensure precision and structural integrity, the 

fabrication process utilized a 0.4 mm nozzle, 

with a layer height of 0.2 mm, a printing 

temperature of 200°C, a build plate temperature 

of 90°C, and an infill density of 90%. The 

fabrication sequence is illustrated in Figure 5, 

detailing each stage of the antenna assembly. 

The process began with the printing of the base 

substrate (Figure 5a), which formed the 

foundation of the SIW antenna structure. Once 

the substrate was fabricated, copper tape was 

applied to its surface to establish the conductive 

layer necessary for SIW wave propagation 

(Figure 5b). Copper tape was chosen due to its 

excellent electrical conductivity and ease of 

application, ensuring a uniform conductive 

surface. For the implementation of the SIW vias, 

copper rivets were used to create electrical 

connections between the top and bottom 

conductive layers. Approximately 80 copper 

rivets were manually inserted into the pre-

printed via holes on the substrate (Figure 5c). 

This step was crucial for maintaining the 

integrity of the SIW structure, as the rivets 

provided both mechanical stability and 

electrical continuity across the layers.        

 

Figure 5. Fabricated view (physical) of our proposed SIW antenna (a) base substrate (b) wrapped substrate with copper 

tape (c) copper rivet placed at via hole (d) final prototype of SIW antenna.
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Finally, the two horn-shaped antennas were 

assembled and integrated onto the substrate, 

with two ports added to enable antenna 

operation (Figure 5d). The completed SIW horn 

antenna closely adhered to the CST simulation 

specifications, ensuring consistency between 

the designed and fabricated structures. 

      This fabrication approach demonstrates the 

feasibility of combining 3D printing with 

conventional conductive elements to develop 

SIW antennas. By utilizing PLA as the dielectric 

substrate, the process highlights an 

environmentally sustainable and cost-effective 

method for manufacturing advanced antenna 

structures, supporting the adoption of 3D-

printed SIW antennas for future sensing 

applications. 

4. Results and discussion  

      Scattering parameters (S-parameters) are 

fundamental in Radio Frequency (RF) and 

microwave engineering for analyzing signal 

behavior in multi-port networks. They describe 

the relationship between incident (input) and 

reflected (output) signals, forming a complex 

matrix that quantifies power transfer between 

ports. The S₁₁ parameter represents the input 

reflection coefficient, indicating the amount of 

signal reflected at port 1, while S₂₂ measures the 

reflection at port 2. The S₂₁ parameter defines 

the forward transmission coefficient, 

representing the fraction of the signal 

propagating from port 1 to port 2, whereas S₁₂ 

describes the reverse transmission coefficient, 

indicating the signal propagation from port 2 

back to port 1. 

 

Figure 6. (a) S11 and S21 of SIW basic structure proposed work in CST (b) S11 comparison of SIW basic and horn 

structure proposed work in CST.  

      The proposed SIW antenna was designed 

and simulated using CST software with a 

targeted resonant frequency of 5.02 GHz. The 

reflection coefficient (S₁₁) and transmission 

coefficient (S₂₁) were analyzed to evaluate the 

antenna’s performance. The horn antenna 

dimensions were optimized through detailed 

simulations, considering key parameters such as 

antenna length, width, and hole diameter. 

Initially, simulations were conducted using FR-

4 as the dielectric material, but the design was 

later adapted for PLA fabrication. After 

completing the simulations, the antenna 

prototype was fabricated, and its performance 

was experimentally validated by comparing 

simulated and measured results. 
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4.1 Simulation Results 

      This section presents the simulation results 

for the proposed SIW antenna, focusing on the 

S₁₁ and S₂₁ parameters across different antenna 

configurations. Various design parameters were 

evaluated to determine the optimal 

configuration for enhanced performance. 

 

4.1.1 Performance Analysis of the Basic SIW 

Antenna Design 

      The initial simulation of the basic SIW 

antenna was conducted to establish a reference 

for subsequent modifications. This involved 

analyzing the S₁₁ and S₂₁ parameters, which are 

crucial for assessing the antenna’s transmission 

efficiency and reflection behavior. Figure 6(a) 

presents the simulated S₁₁ and S₂₁ results for the 

basic SIW structure. The S₁₁ parameter remains 

below -10 dB across the 5.6 GHz to 10.6 GHz 

frequency range, with a dominant resonance 

observed at 9.1 GHz. This indicates efficient 

impedance matching over a broad bandwidth, 

ensuring stable operation within this range. In 

contrast, the S₂₁ parameter exhibits high 

attenuation (-50 to -70 dB) below 5 GHz, 

transitioning to significantly lower attenuation 

above 5.6 GHz. This behavior confirms that the 

basic SIW structure functions as a bandpass 

filter, where signals below 5 GHz are effectively 

suppressed, while those in the passband (above 

5.6 GHz) experience minimal transmission loss. 

      Figure 6(b) provides a comparative analysis 

of S₁₁ parameters between the basic SIW 

antenna and the SIW horn antenna across the 3.1 

GHz to 10.6 GHz frequency range. The basic 

SIW antenna demonstrates effective impedance 

matching within the 5.6 GHz to 10 GHz range, 

maintaining consistent resonant frequencies. 

However, the SIW horn antenna exhibits 

enhanced performance due to its flared-section 

design, which improves impedance matching 

and increases radiation efficiency. This 

structural modification facilitates a smooth 

transition from the narrow waveguide to a wider 

aperture, optimizing wave propagation and 

minimizing reflections. Additionally, the horn 

structure enables waveguide-to-free-space 

mode transitions, resulting in distinct 

electromagnetic field perturbations and more 

pronounced resonance characteristics. These 

improvements confirm that the SIW horn 

antenna provides superior impedance matching 

and radiation performance, making it a highly 

suitable candidate for high-frequency 

applications. 

 

4.1.2 Simulation Results of the Free-space 

Method Implementation in SIW Antenna 

Designs 

      The simulated S-parameters using the 

concept of free-space method setup demonstrate 

the optimization process of the proposed SIW 

antenna through various structural 

modifications to the basic design. The 

performance was evaluated for three different 

configurations: a 20-mm gap, 20-mm loading, 

and no-loading condition. The results reveal 

distinct performance characteristics for each 

case. The SIW antenna with a 20-mm gap, as 

shown in Figure 7(a), exhibits an S₁₁ parameter 

with a deep notch below -10 dB at 3.8 GHz, 

indicating excellent impedance matching and 

minimal signal reflection. Additionally, the S₂₁ 

parameter shows high attenuation, 

approximately -70 dB, at lower frequencies, 

with continued attenuation in the range of -35 to 

-40 dB beyond 3.8 GHz, effectively preventing 

unwanted signal transmission. These 

characteristics confirm that the antenna 

performs optimally at 3.8 GHz, with strong 

rejection of signals at both lower and higher 

frequencies. In contrast, the 20-mm loaded SIW 

antenna, as illustrated in Figure 7(b), 

demonstrates significantly enhanced 

performance. The S₁₁ parameter exhibits 

multiple resonances at 3.8 GHz, 4.5 GHz, and 

5.5 GHz, with return losses around -30 dB, 

ensuring excellent impedance matching. The 

reflection coefficient remains below -10 dB 

above 4 GHz, indicating stable impedance 

matching across a broader frequency range.     
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Figure 7. (a) S-parameter for configuration with a 20-mm gap. (b) S-parameter for configuration with 20 mm loading. (c) 

S-parameter for configuration with no loading. 

The S₂₁ parameter, on the other hand, shows 

strong isolation between 1.5 GHz and 2.5 GHz, 

followed by a gradual increase in transmission 

from 2.5 GHz to 4 GHz, and stable transmission 

in the range of -5 to -10 dB above 4 GHz, 

suggesting efficient power transfer. These 

results confirm that the 20-mm loading 

condition provides a high-pass filtering 

response while maintaining optimal impedance 

matching. 

      Meanwhile, the no-loading SIW antenna 

configuration, shown in Figure 7(c), also 

exhibits distinct performance characteristics. 

The S₂₁ parameter maintains effective high-pass 

filtering similar to the loaded configuration, but 

the S₁₁ parameter demonstrates even better 

impedance matching, with three distinct 

resonances occurring at 4.5 GHz, 5 GHz, and 

5.5 GHz, reaching deeper notches of 

approximately -40 dB. The improved reflection 
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characteristics suggest that the unloaded SIW 

antenna achieves superior impedance matching 

and more pronounced resonances compared to 

the loaded design. A comparative analysis of all 

three configurations provides further insights 

into their overall performance. The 20-mm gap 

configuration, depicted in Figure 7(a), exhibits 

limited resonant behavior, achieving only two 

resonant frequencies at 3.77 GHz and 7.42 GHz, 

with respective return loss values of -33.4 dB 

and -40.4 dB. In contrast, the 20-mm loading 

configuration demonstrates a more advanced 

performance profile, featuring six resonant 

frequencies distributed between 4 GHz and 8 

GHz, with a peak resonance magnitude of -32.7 

dB at 5.67 GHz. This configuration exhibits 

broader resonance coverage in the 4–6 GHz 

range, enhanced ripple behavior, improved 

impedance matching, and superior frequency 

selectivity. The no-loading configuration, 

despite achieving significant resonances with 

peak return losses of -48 dB and -41.9 dB, falls 

short of the 20-mm loading configuration in 

terms of resonance consistency and the number 

of resonance points. Among all three 

configurations, the 20-mm loading condition 

emerges as the optimal choice due to its broader 

resonance range, superior impedance matching, 

and enhanced ripple characteristics within the 

4–6 GHz frequency band. These findings 

provide valuable insights for further optimizing 

the final antenna design, which will be explored 

in detail in Section 4.1.3. 

4.1.3 Simulation Results of Proposed Final SIW 

Antenna 

 

      The simulated results of the proposed final 

SIW antenna design, illustrated in Figure 8(a), 

demonstrate excellent scattering parameter 

performance across the 4–6 GHz frequency 

range. The antenna, designed with a single 

substrate and integrated transmitter-receiver 

configuration, achieves resonant frequencies at 

5.02 GHz and 6 GHz, with return loss 

magnitudes of -52 dB and -44.3 dB, 

respectively. These values indicate strong 

impedance matching and minimal signal 

reflection, ensuring efficient energy transfer 

across the target frequency range. Moving to the 

antenna’s radiation characteristics, Figures 8(b) 

and 8(c) present the radiation pattern and far-

field directivity at 5 GHz. The 3D radiation 

pattern, as shown in Figure 8(b), highlights 

highly focused radiation in the desired direction, 

achieving a peak directivity of 5.43 dBi, 

demonstrating the antenna’s effectiveness in 

high-frequency applications. Furthermore, the 

polar plot in Figure 8(c) reveals a well-defined 

main lobe cantered at θ = 23.0°, with a 

beamwidth of 30.1° and a low side lobe level of 

-2.7 dB, confirming stable directional 

performance. These results collectively validate 

the antenna's high directivity, narrow 

beamwidth, and low side lobe interference, 

making it suitable for targeted communication 

and directional signal applications.  

4.1.4 Performance Analysis of SIW Horn 

Antenna Configurations 

 

      The evaluation of various SIW horn antenna 

configurations in the free-space method setup 

was conducted to analyze the impact of 

structural modifications on significant 

performance metrics, including resonance 

frequency, impedance matching, directivity, and 

bandwidth. The selection of appropriate design 

parameters played a crucial role in optimizing 

radiation characteristics and minimizing 

reflection losses. 
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Figure 8. (a) S-parameter, (b) 3D radiation pattern, and (c) directivity at 5.02 GHz of final proposed SIW antenna. 

Table 5: Comparison between different SIW horn antennas. 

 

Antenna Configuration 
Resonance 

Frequency (GHz) 

Reflection 

Co-efficient (dB) 

Maximum 

Directivity (dB) 

Basic SIW horn 6.1,7.1,8.1,9.1 Below -15 5 

SIW horn antenna with 20 mm 

load 

3.8,4.5,5.5 -30 4.85 

SIW horn antenna with no load 4.5,5,5.5 -40 5.18 

Final SIW horn  5.02,6 -52 and -44 5.43 

As shown in Table 5, the basic SIW horn 

antenna exhibited multiple resonances, with a 

reflection coefficient below -15 dB and a 

maximum directivity of 5 dBi. While this design 

provided a baseline for performance assessment, 

its impedance matching required further 

refinement. By incorporating a 20 mm loading 

section, the impedance matching improved 

significantly to -30 dB, enhancing overall 

efficiency. Additionally, an unloaded SIW horn 

antenna configuration demonstrated even better 

impedance characteristics, achieving a 

reflection coefficient of -40 dB and a directivity 

of 5.18 dBi. 

 

 

The final optimized design, which 

integrated all significant refinements, exhibited 

superior performance, resonating at 5.02 GHz 

and 6 GHz with a reflection coefficient of -52 

dB and -44 dB, respectively. This configuration 

also achieved the highest directivity of 5.43 dBi, 

demonstrating its suitability for free-space 

applications that require enhanced radiation 

efficiency and stable impedance matching. The 

integration of optimized structural elements 

allowed for improved wave propagation, 

reduced transmission losses, and enhanced 

radiation directivity, making it a highly efficient  

solution for compact, high-frequency 

applications. 
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      To achieve the observed performance 

improvements, a systematic parametric tuning 

process was carried out using CST’s built-in 

optimization tools. While heuristic optimization 

techniques such as Genetic Algorithms (GA), 

Particle Swarm Optimization (PSO), and 

Artificial Neural Networks (ANN) are 

commonly used for antenna design, this study 

specifically employed CST’s parametric tuning 

due to its direct integration with electromagnetic 

simulation tools, enabling real-time adjustments 

to geometric parameters [38]. This approach 

ensures computational efficiency, as it allows 

rapid iteration without requiring extensive 

external computation and provides practical 

feasibility by allowing precise impedance 

matching within a single simulation 

environment. Given that the primary focus of 

this study was on structural modifications to 

improve antenna performance, heuristic-based 

approaches were beyond the intended scope. 

However, future research may explore such 

techniques to investigate multi-objective design 

optimizations, particularly in integrating 

additional variables such as advanced material 

properties and fabrication tolerances to further 

enhance antenna performance. 

4.2.1 Results of Fabricated Antenna 

Measurement  

      After fabrication, the S₁₁ and S₂₁ parameters 

of the SIW antenna were measured using a VNA 

to assess its performance. Prior to measurement, 

the VNA was carefully calibrated with standard 

calibration tools to eliminate potential errors and 

ensure precise data acquisition. The two ports of 

the fabricated antenna were connected to the 

VNA through two-port connectors, and the 

scattering parameters were recorded. The 

measured S₁₁ parameter, as illustrated in Figure 

9, exhibits a significant drop below -10 dB 

within the 5 to 5.6 GHz frequency range, 

indicating effective impedance matching and 

minimal signal reflection within the desired 

operational band.  

 

Figure 9. S-parameter (S11 and S21) measurement setup for the final proposed fabricated antenna. 

A comparative analysis between the 

measured and simulated S₁₁ values reveals 

strong agreement, validating the design 

approach and confirming that the fabricated 

antenna closely follows the expected 

performance characteristics. The alignment 

between these results underscores the accuracy 

of the design methodology, demonstrating that 

the fabricated antenna effectively reflects the 

simulation outcomes into a functional prototype. 

4.2.2 Validation of SIW Antenna Performance 

Based on the Simulation and Fabrication 

Results 

      To validate the fabricated antenna’s 

performance, a direct comparison between the 

simulated and measured S₁₁ and S₂₁ parameters 

was conducted using data obtained from CST 

software and experimental measurements. This 

comparison ensures that the fabricated antenna 
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meets the intended design specifications while 

identifying any discrepancies between 

theoretical predictions and real-world 

implementation. As shown in Figures 10(a) and 

10(b), the simulated and measured scattering 

parameters exhibit a strong level of agreement, 

confirming the antenna’s expected performance. 

Examining the S₁₁ parameter in Figure 10(a), the 

simulated results indicate multiple resonances 

with significant dips below -10 dB at 

approximately 2.5 GHz and 5.5 GHz, 

suggesting effective impedance matching. The 

measured S₁₁ response follows a similar trend, 

with a resonance observed at 5.6 GHz, reaching 

a magnitude of -35 dB. While a slight frequency 

shift is noted between the simulated and 

measured results, the overall consistency valid 

While the fabricated prototype closely aligns 

with the simulated model, minor discrepancies 

in resonance frequency and transmission 

characteristics can be attributed to several key 

factors. 

Figure 10. (a) Simulated and fabricated (measured in the experiment) S11 for our proposed final SIW antenna. (b) 

Simulated and fabricated (measured in the experiment) S21 for our proposed final SIW antenna. 

The first is material variations, as the 

dielectric properties of PLA can fluctuate due to 

material composition, infill density, moisture 

absorption, and temperature changes, which 

affect impedance matching and radiation 

efficiency [39]. These effects can be minimized 

by using high-quality PLA composites, 

optimizing 3D printing parameters, applying 

post-processing treatments, and ensuring proper 

material storage to maintain dielectric 

consistency [40]. The second factor is 

fabrication inaccuracies, where minor 

dimensional errors, surface roughness, and layer 

inconsistencies introduced during 3D printing 

can impact resonance frequency and efficiency. 

These inaccuracies can be reduced by using 

higher resolution printing settings, refining 

fabrication precision, and applying conductive 

coatings to enhance surface conductivity. 

      Despite these challenges, the fabricated 

antenna demonstrates strong agreement with 

simulations, confirming the feasibility of PLA-
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based SIW antennas for free-space applications. 

Further improvements in fabrication precision, 

material characterization, and VNA calibration 

will enhance measurement accuracy, ensuring 

optimized performance for material sensing and 

wireless communication applications. 

5. Comparison with related research 

      This section compares the proposed PLA-

based SIW horn antenna with recent 

advancements in SIW technology, focusing on 

design type, performance, and practical 

applications. The comparison considers 

significant factors such as gain, return loss, 

material sustainability, and fabrication 

feasibility. Several SIW-based antenna designs 

have been explored in the literature, each with 

unique advantages and trade-offs. Agarwal et al. 

[41] developed an H-plane SIW Multi-Input 

Multi-Output (MIMO) horn antenna operating 

at 3.8 GHz, achieving a gain of 7.92 dB with 

improved isolation due to closely spaced vias. 

      However, the design lacked fabrication 

validation, limiting practical assessment. Nayak 

et al. [42] introduced a multi-horn SIW antenna 

at 5.8 GHz, demonstrating good efficiency 

(86.64%) but at a higher cost due to the Rogers 

4232 substrate. Similarly, Nachev et al. [43] 

integrated a bandpass filter in an SIW horn 

antenna operating at 6.3 GHz, enhancing 

frequency selectivity but at the cost of increased 

complexity and a suboptimal return loss (-20 

dB). The emergence of 3D-printed SIW 

antennas has introduced sustainable and low-

cost alternatives. Munir et al. [44] designed a 

PLA-based slotted SIW antenna for 3–6 GHz 

applications, demonstrating good agreement 

between simulation and measurement but 

suffering from low gain (<0 dB). Another study 

[45] utilized PLA filament, showcasing 

lightweight properties but with limited reported 

gain and frequency range.  

      In contrast, the proposed PLA-based SIW 

horn antenna leverages 3D printing for 

sustainable fabrication while maintaining 

competitive performance. The design achieves 

resonant frequencies at 5.02 GHz and 6.0 GHz, 

with a superior return loss of -52 dB and -44.3 

dB, significantly outperforming prior works. 

The integration of transmitter and receiver 

functionality enhances compactness and system 

efficiency. While slight deviations in 

experimental results were observed (measured 

resonance at 5.6 GHz, return loss -35 dB), the 

overall performance confirms the viability of 

PLA-based antennas for future sensing and 

communication applications. Table 6 presents a 

comparative analysis of these SIW antenna 

designs, highlighting key advancements and 

limitations. The proposed design stands out due 

to its optimal balance between cost, 

sustainability, and high performance, making it 

a promising candidate for next generation 

sensing and wireless applications. 

 

6. Conclusion 

      This study successfully designed, simulated, 

and fabricated a 3D-printed SIW horn antenna 

using PLA material, demonstrating its 

feasibility for wireless and sensing applications. 

The proposed design optimizes impedance 

matching and radiation efficiency by integrating 

dual SIW horn structures on a single PLA 

substrate, making it suitable for compact, high-

frequency applications. Simulation results 

indicated resonant frequencies at 5.02 GHz and 

6.0 GHz, with return losses of -52 dB and -44.3 

dB, highlighting excellent performance. 

Experimental validation using a Vector 

Network Analyzer (VNA) confirmed a 

measured resonance at 5.6 GHz with a return 

loss of -35 dB, indicating substantial agreement 

despite minor deviations due to fabrication 

tolerances and PLA’s dielectric variability. The 

use of PLA-based 3D printing presents a 

sustainable, cost-effective alternative to 

conventional high-frequency substrates such as 

Rogers laminates, significantly reducing 

material costs while maintaining mechanical 

integrity. 

      However, fabrication precision and 

dielectric consistency remain significant 

challenges in ensuring repeatability across 

different manufacturing processes. Future work 

should explore process optimization, improved 

calibration techniques, and advanced material 

formulations to enhance dielectric stability and 

minimize deviations between simulation and 



Md Mahabub Alam et al.  / Diyala Journal of Engineering Sciences Vol (18) No 1, 2025: 170-191 

188 

 

measurement. Additionally, expanding the 

frequency range and optimizing antenna 

miniaturization will broaden the applicability of 

SIW-based antennas in next-generation wireless 

communication, environmental sensing, and 

non-destructive material evaluation. Integrating 

AI-driven data processing for real-time material 

classification could further enhance the 

antenna’s sensing capabilities, improving 

accuracy and automation in practical 

applications. In conclusion, this research 

validates the potential of 3D-printed SIW 

antennas as a viable and scalable solution for 

sensing and communication technologies. With 

continued advancements in fabrication 

precision, multi-band SIW structures, and AI-

enhanced material characterization, the 

proposed approach holds significant promise for 

future sustainable and intelligent wireless 

applications. 

Table 6: Comparative analysis of SIW-based antenna designs 

 

Ref. 
Design 

Type 

RF 

(GHz) 

Gain 

(dB) 

RL 

(dB) 

 

Significant 

Features 
Advantages Limitations 

[41]  MIMO 

with H-

plane SIW 

antennas 

3.8 7.92 -35 
Closely spaced 

vias to reduce 

coupling 

High gain, reduced mutual 

coupling 

No fabrication 

validation 

 

[42]  Multi-horn 

SIW 

antennas 

5.8 5.6 -20 
Multi-horn on 

a single 

substrate 

Compact multi-horn design 

for directional applications 

Moderate return loss 

 

[43] SIW H-

plane horn 

antenna 

 

6.3 5.15 -38 

Integrated 

bandpass filter 

Improved frequency 

selectivity with filter 

integration 

Increased fabrication 

complexity 

 

[8] Compact 

Wideband 

SIW Horn 

Antenna 

17.4-

24 

8 >-10  

more compact 

in size 

Wide bandwidth and novel 

feeding structure. 
dielectric loss and the 

fabrication tolerance. 

[44]  PLA-based 

slotted SIW 

antenna 

3.3, 

5.24 

<0 

dB 

-30, 

-25 
3D-printed 

slotted SIW 

design 

Low-cost, sustainable 3D-

printed material 

 

Very low gain, 

limiting wireless 

applications 

 

[45]  SIW using 

PLA 

filament 

1.92–

4.22 

NA -35 
Lightweight, 

low-cost PLA 

design 

Cost-effective with good 

mechanical properties 

 

Limited frequency 

range and lack of 

detailed gain data 

 

This 

work  

PLA-based 

integrated 

SIW horn 

antennas 

5.02, 

6.0 

5.43 -52, 

-

44.3 

Integrated 

transmitter/rec

eiver, 3D-

printed PLA 

material 

Best return loss, 

sustainable material, cost-

effective 

Slight frequency shift 

in experimental 

validation 

RL=Return Loss, RF=Resonance frequence
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