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Abstract

:

In this article, we present new design techniques to improve the gain and impedance bandwidth of short backfire antennas. For the gain enhancement procedure, our approach was to flare the rim of the antenna, which simultaneously led to an increase in the impedance bandwidth of the antenna. Parametric studies were carried out to obtain the optimal flaring angle. The peak realized gain was obtained as 17.2 dBi with an impedance bandwidth of 55% (2.4 dB and 28.6% increase in gain and bandwidth, respectively, compared to the unflared antenna). To further enhance the impedance bandwidth, an inductive iris was added to improve impedance matching at the waveguide aperture. We varied the width of the iris to obtain the optimal width that provided the best gain and impedance bandwidth result of 17.1 dBi and 66% (~40% increase compared to the unflared antenna without iris). To experimentally verify the work, prototypes were fabricated and tested. We found good agreement between simulation and measurement. The results of this study indicate that gain and bandwidth can be enhanced through optimized geometrical modification of the SBF structure. Furthermore, our 3D-printed technique demonstrates a mass reduction compared with conventional metallic structures.






Keywords:


3D printing; flare; gain enhancement; iris; short backfire antenna; wideband antenna












1. Introduction


H. W. Ehrenspeck introduced the traditional short backfire antenna (SBF) with circular reflectors for the first time in 1962 at the Air Force Cambridge Research Centre in Bedford, Massachusetts, as an improved version of the backfire antenna. The short backfire antenna was initially published in 1965, and Ehrenspeck was awarded its first patent in 1969 [1,2]. The SBF antenna can produce moderate gain values between 13 dBi to 20 dBi, with sidelobes of at least 10–15 dB and a cross-polarization of under 20 dB. The compact construction, radiation properties, and simplicity of the feed configuration make it particularly appealing for mobile/maritime satellite communications, remote sensing/tracking, telemetry, and wireless local-area network applications [3]. In [4,5], we presented very low-mass SBF antennas with excellent performance, such as a high gain and wide bandwidth. In this work, our goal is to further enhance the SBF antenna’s gain and bandwidth without sacrificing other crucial performance factors like the cross-polarization ratio. In doing this, we aim to make it more appealing for the targeted applications.



Several gain-enhancing techniques for many antennas that have been presented in the literature can also be applied to the SBF antenna. The first technique involves the design of antenna arrays such as the horn antenna array [6,7] and patch antenna array [8,9]. Combining the performance of the individual elements results in overall increased gain and directivity. While this is a very effective way of achieving higher gain, some designs require a multilayer design [9] and a very sophisticated feed network, thereby increasing the cost and complexity of the antenna. This technique can be challenging for applications with limited antenna space, since multiple antennas increase the final size.



Another common technique involves increasing aperture efficiency by manipulating the aperture phase. This has been done in the literature by employing metasurfaces [10,11] such as electro bandgap (EBG) materials [12,13], partially reflective surfaces (PRS), or a meta surface lens [14,15] over the opening of the antenna’s aperture. Although metamaterials have been effective in increasing horn antenna gain, their complex design and narrow bandwidth are downsides. The metasurface’s resonant structure limits the bandwidth of the antenna, as it determines the band of operation which is usually very narrow.



Increasing the antenna’s physical aperture size [16,17] is the third gain enhancement technique that has been widely used and can be applied to SBF antennas. The aperture size can be increased by flaring the opening of the antenna, like the design of a horn antenna, which is essentially a flared waveguide antenna [18]. Signals traveling through the waveguide experience an abrupt change in impedance from the waveguide to free space, which is approximately 377 Ω. As a result of this change, signals are reflected along the waveguide as standing waves, similar to having poor matches at the end of coaxial or other wire-based transmission lines. The waveguide is usually flared or tapered out to get around this problem. This has the effect of allowing the impedance of the waveguide to gradually change to that of free space. It functions as a progressive matching transformer, minimizing the reflected signal and thereby increasing the efficiency of the antenna.



The flaring angle has a great effect on the antenna gain and directivity. As the flaring angle and the aperture size increase, the gain increases. However, there is an optimal angle, beyond which the gain starts to decrease with an increasing angle of flare. This is because of the increasing phase error (phase difference between the edges and center point), which cancels out the gain [19]. Because the flaring angle required to achieve higher gain and bandwidth is minimal, the increase in the size of the antenna is not very significant. This is in contrast to the metasurface technique, which makes the flaring technique appealing for the SBF antenna. For some antenna designs, such as the patch antenna with a W-shaped ground plane [19], the impedance bandwidth increases with the flaring angle as a result of improved impedance matching.



The objective of this paper is to improve the gain and impedance bandwidth of the SBF antenna design by integrating two design principles: introducing a flare at the rim and adding an inductive iris at the waveguide feed aperture. To describe the performance, a simulation study was conducted, and the principles were verified by fabricating a prototype using a 3D printer. The methods examined in this article have the potential to be applied to similar types of antennas. Section 2 describes the geometry of the SBF antenna, and the study on the effect of the flaring angle and the rim height on the SBF antenna is presented. The design of the flared SBF antenna with an inductive iris and the parametric studies are presented in Section 3. In Section 4, we provide the measurement results for the fabricated SBF antenna, while the conclusion and future work are presented in Section 5.




2. Flared SBF Antenna


2.1. Antenna Configuration


This study aims to further increase the gain and bandwidth of the antenna presented in [4,20] while maintaining its cross-polarization ratio. The flared SBF antenna shown in Figure 1 consists of several parts and is fed by a waveguide feed because of its high gain and high-power handling abilities. The conventional SBF antenna consists of only four parts: the main reflector, the rim, the sub-reflector, and the feed antenna. The choke portion was included in the work presented in [4,20] as a way of increasing the gain. In this study, to further increase the gain, we decided to flare the upper diameter of the antenna’s rim, similar to the design of the horn antenna. Like the horn antenna, the flare angle has a significant effect on the gain. As the flare angle increases, the gain also increases until it reaches the optimum flare angle. Although much of the research that has been conducted shows that antenna flaring does not affect the impedance bandwidth, we observed a significant improvement in the impedance bandwidth of the proposed antenna design when the rim is flared as a result of resonance merging. Several parametric studies have been conducted to find the optimum flare angle and rim height by varying the flare angle (θf) and rim height (Hr) and examining the behavior of the gain and the bandwidth.



The SBF antenna’s main reflector, choke, and rim are fabricated using 3D printing technology, after which the entire surface is then metalized using a conductive spray. To model this in HFSS, the entire structure is first designed with a PLA plastic material (εr = 2.1, tanδ = 0.005), and an impedance boundary condition is then applied all over the surface of the structure to simulate the surface resistance of the silver metal coating (0.05 Ω/sq). The sub-reflector is made of aluminum metal; therefore, it is designed using the perfect electric conductor (PEC) material, while the waveguide feed is modeled as an open-ended waveguide structure (PEC) with a wave port feed. The optimized dimensions of the flared SBF antenna are provided in Table 1, and are also expressed in terms of the free space wavelength (λ). λ is equal to c/f, where c = 3 × 108 is the speed of light, and f = 5.5 GHz is the operating frequency.




2.2. Numerical Analysis


The use of rim flaring to increase gain and its impact on the impedance bandwidth and cross-polarization ratio are covered in detail in this section. The ANSYS Electronics Desktop was used for carrying out all the simulations for this paper.



2.2.1. Effect of the Flaring Angle


During the first parametric study, the flaring angle (θf) was increased from 0° to 40° in increments of 5° while keeping all other variables constant. This was done to investigate the effect of increasing the flaring angle. The upper diameter of the rim (DU) can be expressed in terms of the flaring angle as Dm + 2. Hr. tan θf, where Dm is the diameter of the main reflector and the lower diameter of the rim, and Hr is the height of the rim. All the simulations in this section used Hr = 0.6 λ (where λ is the wavelength of the SBF antenna in free space), which was the optimized rim height from the unflared SBF antenna study. The case where θf = 0° gives the results of the unflared antenna, which were compared to the results obtained at different flaring angles.



The reflection coefficient (S11) results are presented in Figure 2a–c. As the flaring angle increased from 0–10°, there was no significant change in the impedance bandwidth (Figure 2a), as it only increased from 26.4% (4.61–6.01 GHz) to 28.1% (5.85–4.41 GHz), respectively. The major change was observed when the flaring angle was increased to 15° (Figure 2c) and the highest impedance bandwidth of 55% (4.36–7.67 GHz) was obtained, which is more than double the result of the unflared case (26.4%). This bandwidth increase is a result of the coupling of the two resonances seen at 5.8 GHz and 6.8 GHz (1 GHz difference) for the 0° flaring angle (Figure 2a). Flaring the antenna to 15° brought the resonances together to 5.5 GHz and 6 GHz (0.5 GHz difference), causing them to overlap, thereby resulting in the larger impedance bandwidth observed. We observe that when we increased the flaring angle further to 40°, the bandwidth decreased to 42.4% (4.77–7.34 GHz) as illustrated by Figure 2c.



The simulated gain and cross-polarization ratio results for the flared SBF antenna are given in Figure 3. Figure 3a shows the peak realized gain plot as a function of frequency for flaring angles 0–40°, while the peak realized gain trend with increasing flaring angle at a frequency of 5.5 GHz is shown in Figure 2b. As the flaring angle increased from 0° to 20°, the peak realized gain increased from 14.8 dBi to 17.2 dBi (a 2.4 dB increase) at 5.5 GHz (center frequency). This increase in gain, as discussed in previous sections, is a result of having a better impedance matching at the edge of the antenna’s aperture due to reduced back reflection of waves. From the plots in Figure 2, it can be observed that increasing the flaring angle further from 20° to 40° does not improve the gain. There was a small gain drop from 17.2 dBi to 17.1 dBi when the flaring angle was increased to 25°, then the realized gain can be seen to plummet when the flaring angle was increased to 40° from 17.1 dBi to 14.3 dBi. This is mostly due to an increase in the phase error due to over-flaring. The 20° flaring angle also produced the widest gain bandwidth of 1.1 GHz or 21% (4.7 to 5.8 GHz) using the 3 dB gain definition. From these observations, it can be deduced that the optimum flaring angle to achieve the highest gain for this design is 20°.



Figure 3c shows the worst-case cross-polarization ratio at θ = 45°. The results show that increasing the flaring angle from 0° to 40° generally increases the cross-polarization ratio. The minimum cross-polarization ratio for the unflared antenna is −24 dB at 5.6 GHz, while the minimum cross-polarization ratios for the flared antenna are −23.27 dB (5.8 GHz), −21.32 dB (5.6 GHz), −19.43 dB (5.4 GHz), and −14.84 dB (5.4 GHz) at θf = 10°, 20°, 30°, and 40°, respectively. Although this study shows an increase in the overall cross-polarization ratio, we found that at lower flaring angles such as 10° and 20°, the increase is not as significant as those of higher flaring angles (30° and 40°).



The performance of the flared antenna is summarized in Table 2. The impedance bandwidth increased as the flaring angle increased, having the highest value at θf = 15° and then this value started to decrease gradually. Gain improvement was also observed with increasing flaring angle until θf = 20°. The cross-polarization ratio decreased as the flare angle was increased. From the simulation results and observations, the optimum flaring angle for this design is at θf = 20°. Although the highest bandwidth was obtained at θf = 15°, the obtained gain at the same angle is ~0.5 dB less than that of θf = 20°, while the bandwidth at θf = 20° is lower than the highest bandwidth by just 0.6% (0.06 GHz). The difference in impedance bandwidth is very minimal compared to the gain difference, therefore we chose the flared SBF antenna with θf = 20° as the optimum design.




2.2.2. Effect of the Rim Height


This parametric study focuses on the effect of the rim height on the gain and impedance bandwidth of the flared SBF antenna. We decided to keep the flaring angle for this section constant at θf = 20°. We chose this flaring angle because it provided the highest gain and wide bandwidth in the previous section. It is important to note that while the flaring angle is kept constant, DU (upper diameter of the rim) still changes because of the changing height.



To study the effect of the rim height, we varied it from 0.4 λ to 0.8 λ with a step of 0.1 λ. The simulated realized gain results for different rim heights are shown in Figure 4a. As the rim height increased from 0.4 λ to 0.6 λ, the peak realized gain can be seen to increase from 15.41 dBi to 17.22 dBi (an increase of 1.81 dB) at 5.6 GHz; the gain at 5.5 GHz also improved from 15.27 dBi to 17.02 dBi (a 1.75 increase). There was no significant change in the realized gain when the rim height was increased further to 0.8 λ. While the cross-polarization ratio does not change significantly as the rim height is increased, we can see in Figure 4b that the minimum cross-polarization ratio of 21.32 dB was obtained at 0.6 λ.



The effect of varying the height of the rim on the reflection coefficient (S11) can be seen in Figure 4c. Increasing the height of the rim from 0.4 λ to 0.6 λ lowered the reflection coefficient result of the antenna, thereby increasing the impedance bandwidth from 26.4% (4.43–5.78 GHz) to 55% (4.35–7.60 GHz). This value dropped to 29.1% (4.38–5.87 GHz) as the height is increased further to 0.8 λ. This shows that the rim’s height also affects impedance matching.



Table 3 summarizes the effect of the rim’s height on the flared SBF antenna. From this study, we observe that varying the height of the SBF antenna’s rim while keeping the flaring angle and other dimensions constant affects the gain and impedance bandwidth result, while the cross-polarization ratio was not significantly affected. The highest gain, widest impedance bandwidth, and lowest cross-polarization ratio were obtained at Hr = 0.6 λ. The performance of the antenna was worse at other Hr values.






3. Flared SBF Antenna with Iris


To further improve the reflection coefficient (S11) of the flared SBF antenna, the length of the waveguide feed aperture (a = 40.387 mm) was shortened on both sides by adding thin metal strips as shown in Figure 5. These metal strips are usually referred to as a waveguide iris. The waveguide iris can either model a shunt capacitance or inductance, depending on whether it is located in either the transverse plane of the electric field or the magnetic field [21]. In our case, the iris was placed in the magnetic field, hence it created an inductive element that can provide the necessary matching for the waveguide’s characteristic impedance. Improved impedance matching lowers the S11 result, thereby increasing the impedance bandwidth. The flaring angle and the rim height were kept constant at θf = 20° and Hr = 0.6 λ, as these produced optimized gain, bandwidth, and cross-polarization results in the previous section.



A parametric study was carried out in this section to investigate the effect of the iris on the reflection coefficient (impedance bandwidth) and the gain of the flared SBF antenna. The length of the iris is the same as the width of the waveguide feed (b = 20.193), while the width of the iris is varied from 1 mm to 5 mm with a step of 1 mm to determine the best value for optimal performance. The results are compared to the design without the iris (0 mm iris width).



The effect of the inductive iris on the reflection coefficient (S11), impedance bandwidth, and peak realized gain are provided in Figure 6. Figure 6a shows the reflection coefficient plots for different iris widths (0 to 5 mm) at a 20° flaring angle. As the width of the iris is increased from 0–3 mm, the frequency bandwidth for S11 < −10 dB increased from 3.3 GHz or 55% (4.3–7.6 GHz) to 3.85 GHz or 66.7% (3.85–7.7 GHz). As the iris width is increased from 3–5 mm, the bandwidth starts to decrease from 3.85–3.7 GHz 62.2% (4.1–7.8). The 3 mm iris width provides the best impedance matching between the waveguide feed and the SBF antenna as it produces the widest bandwidth.



Figure 6b,c shows the effect of the iris on the realized gain and the cross-polarization ratio of the flared SBF antenna. As can be seen in the figure, introducing the iris does not affect the gain of the antenna and the cross-polarization ratio of the flared SBF antenna. The peak realized gain and the minimum cross-polarization ratio for all cases were ~17 dBi at 5.6 GHz and −21 dB at 5.6 GHz, respectively. This is expected as the purpose of the iris is to improve the impedance matching.




4. Flared SBF Antenna with a Superstrate Lid


Some of the previous designs of waveguide-fed SBF antennas have utilized foam materials to support the sub-reflector at the required height from the main reflector. Although the foam material has been useful for prototyping, it is not strong enough to keep the sub-reflector permanently in place and could potentially be modified when installed for a practical application. For example, the foam could be pushed downward into the main reflector, and the optimized position of the sub-reflector would be compromised. To solve this issue, we developed a thin plastic-based superstrate that is rigid enough to maintain the position of the sub-reflector with minimal effect on the antenna’s performance. Furthermore, the superstrate can be easily 3D printed.



It is important to judiciously choose the right thickness and material of the superstrate to minimize the reflections that can negatively affect the antenna’s performance. We carried out simulation studies to compare the performance of the antenna with and without the superstrate to ensure that excellent performance is maintained.



The geometry of the flared SBF antenna with the substrate lid is shown in Figure 7. The lid consists of two parts that are connected together, a thin disk with a hole and a rim surrounding the hole on which the sub-reflector is placed. The dimensions tS1, tS2 and tSub refer to the thickness of the disk, the thickness of the lid’s rim, and the thickness of the sub-reflector. The distance between the rim and the sub-reflector (Hr − Hs = 5.45 mm) is equal to tS1 + tS2, tSub = 2 mm, while the diameter of the disk’s hole is equal to 37.5 mm.



For the simulation, we studied the effects of the lid on the behavior of the antenna by modeling it with two plastic materials with different dielectric constants. The first is the polylactic (PLA) plastic with a dielectric constant of 2.1, while the second plastic is the acrylonitrile butadiene styrene (ABS) plastic with a dielectric constant of 3.0. The thickness of the lid’s disk (tS1) was also varied from 1–4 mm and studied to obtain the best design performance.



Figure 8a,b gives the simulated S11 result of the flared antenna. From both plots, it can be seen that the antenna with the lid raised the S11 result compared to the antenna with no lid. The effect of the PLA lid with the lower dielectric constant on the antenna is not as significant as that of the ABS lid. While the S11 result for the PLA lid is raised between 4.3–5.6 GHz, the value does not go above −10 dB, therefore the bandwidth does not change much. All the simulated impedance bandwidths were between 62.2% to 67.8% for 4 mm to 1 mm lid thickness, respectively.



As the thickness of the ABS lid increases above 1 mm, the S11 result is raised above −10 dB at the lower frequencies, which drastically reduced the impedance bandwidth. The bandwidth for the antenna with no lid is 66.7%, while the antenna with the ABS lid of 1 mm, 2 mm, 3 mm, and 4 mm had impedance bandwidths of 66.4%, 46.4%, 43.2%, and 45.7%, respectively.



The peak realized gain for the SBF antenna with the PLA and ABS lids are compared to the antenna without the lid in Figure 9. There is a general trend of the gain reducing with increasing lid thickness. However, the gain loss experienced by the PLA lid is not as high as that of the ABS with the higher dielectric constant. This gain loss is most noticeable at 5.6 GHz and with a lid thickness of 4 mm. For example, at 5.6 GHz, the lidless antenna has a peak gain of 17.02 dBi, while the PLA and ABS lids with a lid thickness of 4 mm have peak gains of 15.7 dBi and 10.8 dBi, respectively. The gain loss is very minimal for the 1 mm lid thickness. The antennas with the 1 mm lid thickness at 5.6 GHz had peak gains of 17.01 dBi and 16.8 dBi for the PLA and ABS lids, respectively.



The worst case cross-polarization ratio results for the flared antenna with the lids are shown in Figure 10. For the PLA lid, there is no observable difference between the results of the no lid case and the varying lid thickness cases between 4.4 to 5.4 GHz. Between 5.4 to 5.8 GHz, the minimum cross-polarization increased from −21 dB to −17 dB as the lid thickness increased from 1–4 mm. This is the same case for the ABS lid between 4.4 to 5.4 GHz, but the increase in the cross-polarization ratio is higher as it increased to −13 dB for a 4 mm lid thickness.




5. Fabrication and Testing


For the fabrication of the flared SBF antenna, we employed the fused deposition modeling (FDM) 3D printing technique to achieve a low-mass design and reduce production cost and time. The flared SBF antenna was fabricated at the University of Manitoba’s ECE machine shop using the Anykubic 3D-printer and polylactic acid (PLA) thermoplastic filament. A polishing post-processing step was performed to eliminate the ridges that formed on the antenna surface due to the 3D-printing layer-by-layer process. This was achieved by applying XTC-3D coating, which is a liquid that consists of a resin part and a hardener part that are mixed together. When a thin layer of this resin-based liquid is applied to the inner surface of a 3D-printed prototype, it fills the ridges, smoothens the surface, and hardens into a resistant coating.



After the polishing step, the antenna was coated with MG chemical’s silver conductive coating, which is required to create a conductive surface. The top and bottom views of the conductive 3D-printed flared SBF antenna are provided in Figure 11.



The fully assembled antenna consisting of the WR-159 waveguide feed, the PLA cover, and the sub-reflector is shown in Figure 12. In the figure, the waveguide port is connected to the first port of the Keysight PNA Network Analyzer (N5224B) to measure the S-parameter. The measured S11 result is compared to the simulated result in Figure 13. There is very close agreement between the patterns of both plots. The fluctuation in the measured results comes mostly from the waveguide feed. The impedance bandwidth of the fabricated antenna was measured to be 53.7% (4.5–7.8), which is less than that of the simulated result (62.2%).



The far-field radiation pattern of the antenna was also measured in the anechoic chamber at the University of Manitoba’s antenna laboratory. The radiation pattern results of the flared SBF antenna at ϕ = 0°, 45°, and 90° are shown in Figure 14. The simulated peak gain (which considers the 3D-printed materials used) was 16.78 dBi, while the measured peak realized gain was 15.4 dBi, indicating a gain loss of approximately 1.36 dB. For the worst case cross-polarization analysis, the measured result at φ = 45°, was 20.77 dB (15.34–(−5.43)), which is very close in agreement with the simulated result of 20.15 dB (16.78–(−3.37)). While the other radiation characteristics of the fabricated antenna closely match the simulated results, the gain loss was more than anticipated.



To determine the source of this error, a piece of foam with a known dielectric constant of 1.05 was used to replace the PLA lid in order to test if the antenna’s gain loss was due to the PLA lid, as shown in Figure 15. The thickness of the foam was designed to be the same dimension as the difference in height between the rim and the sub-reflector (Hs − Hr = 38.181 − 32.727 = 5.454 mm). To compare with the measured results, further simulation analyses using the foam material were performed on the flared SBF antenna.



The measured and simulated results of the flared SBF antenna with the foam lid are shown in Figure 16. The measured peak gain increased from 15.4 dBi to 15.7 dBi when compared to that of the results of the antenna with the PLA lid. A gain loss of about 1 dB was experienced compared to the simulated peak gain result of 16.74 dBi. Accounting for about 0.6 dB loss, which is expected from imperfect connections between the antenna and the waveguide feed and also from the connected cables, the remaining 0.4 dB can be attributed to the additive manufacturing process. The simulated and measured worst case cross polarization ratio for the flared SBF antenna with the foam lid, which were 20.54 dB, and 19.95 dB, respectively, are very close in agreement.



To demonstrate the superiority of 3D printing over the conventional milling fabrication process, we measured the weight of a PLA (thermoplastic) antenna and an aluminum prototype. The weight of the PLA antenna was 252 g, while that of the aluminum prototype was 576.5 g. This implies a 56.3% reduction in mass for the PLA antenna, which is crucial in applications like satellite communications and remote sensing where increased mass can lead to a significant increase in cost.




6. Conclusions


The objective of the paper was to design an improved low-mass short backfire antenna for space and remote sensing applications. A combination of techniques was presented in this paper to improve the gain, bandwidth, and structural integrity of the waveguide-fed SBF antenna while reducing the total mass. Gain and bandwidth enhancement was achieved by employing the aperture flaring technique, which involved flaring the rim of the SBF antenna to an optimal angle of 20°. After optimizing both the flaring angle and the rim height, the gain and bandwidth improved from 14.8 dBi to 17.2 dBi and from 26.4% to 54.4%, respectively, while having no significant effect on the cross-polarization ratio. The inductive iris was then used to further improve the impedance matching and the bandwidth of the antenna from 54.4% to 66.7%, while the gain and cross-polarization remained constant.



Due to the low structural integrity of the foam lid that was used in the previous SBF antenna designs, a 3D-printed plastic lid that is stronger than the foam material was utilized. Both lids were then tested to compare their performance. We observed that the gain loss of the antenna with the plastic lid was a little higher than the gain loss of the antenna with the foam lid. This higher gain loss can be attributed to the higher dielectric constant of the plastic material. Finally, the antenna was fabricated with plastics by employing the additive manufacturing technique (3D printing) to significantly reduce the mass of the antenna. The measured results of the 3D-printed flared SBF antenna were in good agreement with the simulated results. However, some additional gain loss of about 0.4 dB was measured due to the increased surface impedance as a result of the additive manufacturing process.



The flared SBF antenna’s exceptional performance was demonstrated through comparison with other antenna designs (SBF and horn antennas) that operate within different microwave frequency ranges listed in Table 4. This table gives the frequency range of operation along with a comparison of the antenna designs’ gain and impedance bandwidth. The weight and cross-polarization ratio of these designs were not disclosed, hence these characteristics were not included. The gain values of the flared antenna are similar to those of the antennas mentioned in [20,22,23]. However, the impedance bandwidth of the flared antenna is much wider than that of the above-mentioned antennas. This implies that the flared antenna can operate over a broader range of frequencies without significant changes in its performance, making it a more versatile option for similar applications. When compared to the antennas described in [24,25,26,27], the flared SBF antenna performs better in terms of both gain and impedance bandwidth. The flared SBF was also compared to the standard gain C-band horn antenna [28], which is commonly used for the same applications as the SBF antenna. It can be seen from the table that the performance of the flared SBF antenna is superior to that of the standard gain horn antenna, having a higher gain and much wider impedance bandwidth. Therefore, the flared SBF antenna can be easily used as a better replacement for the horn antenna in satellite communication and remote sensing applications.



The research presented in this paper showcases the potential of additive manufacturing for producing RF components, specifically antennas designed for space and remote sensing applications. This potential goes beyond reducing the mass, as demonstrated in the study, and includes the ability to manufacture complex designs that would have been difficult to achieve with traditional subtractive manufacturing processes. Additionally, this technique can significantly reduce the cost and time needed for production. The results of this work can serve as a useful starting point for optimizing similar antenna types. The proposed enhanced low-mass short backfire antenna outperforms the C-band standard gain horn antenna and many other short backfire antennas found in the literature in terms of impedance bandwidth and/or gain performance. Hence, it can be used as a superior substitute in many applications.
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Figure 1. The geometry of the flared SBF antenna. (a) Isometric view, (b) Front view, and (c) Top view. 
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Figure 2. Flared SBF antenna at different flaring angles: (a) Reflection coefficient plot for flaring angles 0° and 10° as a function of frequency; (b) Reflection coefficient plot for flaring angles 20° to 40° as a function of frequency; (c) Impedance bandwidth as a function of the flaring angle. 
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Figure 3. Flared SBF antenna at different flaring angles: (a) Peak realized gain plot for flaring angles 0° to 40° as a function of frequency; (b) Peak realized gain plot as a function of the flaring angle; (c) Cross polarization ratio plot for flaring angles 0° to 40° as a function of frequency. 
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Figure 4. Effect of height variation as a function of frequency. (a) Realized gain; (b) Cross-polarization ratio; (c) Reflection coefficient. 
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Figure 5. The geometry of the flared SBF antenna with an iris. 
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Figure 6. Flared SBF antenna with different iris widths: (a) Reflection coefficient as a function of frequency; (b) Peak realized gain as a function of frequency; (c) Cross-polarization ratio as a function of frequency. 
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Figure 7. Flared SBF antenna with a dielectric superstrate cover. 
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Figure 8. Simulated S11 result of the flared SBF antenna with: (a) PLA lid; (b) ABS lid. 
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Figure 9. Simulated peak gain result for the flared SBF antenna with: (a) PLA lid; (b) ABS lid. 
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Figure 10. Simulated cross-polarization ratio for the flared SBF antenna with: (a) PLA lid; (b) ABS lid. 
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Figure 11. Top (left) and bottom (right) views of the fabricated flared SBF antenna. 
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Figure 12. The fully assembled flared SBF antenna connected to the VNA. 
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Figure 13. Measured and simulated S11 results of the flared SBF antenna. 
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Figure 14. Measured radiation pattern results for the flared 3D-printed SBF antenna with the PLA lid at (a) φ = 0°, (b) φ = 45°, and (c) φ = 90°. The dashed lines represent the simulated results, while the solid lines represent the measured results. 
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Figure 15. The flared SBF antenna with the foam lid. 
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Figure 16. Measured radiation pattern results for the flared 3D-printed SBF antenna with the foam lid at (a) φ = 0°, (b) φ = 45°, and (c) φ = 90°. The dashed lines represent the simulated results, while the solid lines represent the measured results. 
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Table 1. Simulated dimensions of the Flared SBF antenna.






Table 1. Simulated dimensions of the Flared SBF antenna.





	Parameter
	Description
	Value (mm)





	Dm
	Diameter of the main reflector
	110.00 (2.02 λ)



	DU
	Upper diameter of the rim
	Dm + 2. Hr. tan θ



	DS
	Diameter of the sub-reflector
	38.181 (0.70 λ)



	Hr
	Height of the rim
	32.727 (0.60 λ)



	HS
	Height of the sub-reflector
	38.181 (0.70 λ)



	Rchoke
	Distance between the rim and outer diameter of the choke
	5.455 (0.01 λ)



	dchoke
	Depth of the choke
	16.064 (0.29 λ)



	Wchoke
	Width of the choke
	16.064 (0.29 λ)



	a
	Length of the waveguide
	40.387



	b
	Width of the waveguide
	20.193










 





Table 2. Performance comparison of the flared SBF antenna with different flaring angles (θf).






Table 2. Performance comparison of the flared SBF antenna with different flaring angles (θf).





	
Hr

	
θf (°)

	
DU (mm)

	
Realized Gain @ 5.5 GHz (dBi)

	
Imp. BW (%)

	
Min. Cross-Pol. Ratio (dB)






	
0.6 λ

	
0

	
110

	
14.8

	
26.4

	
−24.00




	
10

	
121.5

	
16.3

	
28.1

	
−23.27




	
15

	
127.5

	
16.7

	
55.0

	
−22.15




	
20

	
133.8

	
17.2

	
54.4

	
−21.32




	
30

	
147.8

	
16.0

	
43.1

	
−19.43




	
40

	
165

	
14.3

	
42.4

	
−14.84











 





Table 3. Performance comparison of the flared SBF antenna with different rim heights (Hr).
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θf

	
Hr (λ)

	
DU (mm)

	
Peak Gain (dBi)

	
Gain @ 5.5 GHz (dBi)

	
Imp. BW (%)

	
Min. Cross-Pol. Ratio (dB)






	
20°

	
0.4

	
125.9

	
15.41

	
15.27

	
26.4

	
19.73




	
0.5

	
129.9

	
16.58

	
16.34

	
50.6

	
20.4




	
0.6

	
133.8

	
17.22

	
17.02

	
55.0

	
21.32




	
0.7

	
137.8

	
17.18

	
17.04

	
33.0

	
20.35




	
0.8

	
141.8

	
17.18

	
17.15

	
29.1

	
16.9











 





Table 4. A comparison of the proposed flared SBF antenna with other SBF and horn antennas.
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	Reference
	Description
	Frequency Range (GHz)
	Impedance Bandwidth (%)
	Measured Peak Gain (dBi)





	This work
	Flared SBF antenna
	4–7
	53.7
	15.7



	[20]
	Waveguide-fed SBF antenna
	4–7
	27.3
	15.7



	[22]
	Patch-Fed Short Backfire Antenna
	2–2.5
	15
	15.2



	[23]
	3D-printed low-cost choke corrugated Gaussian profile horn antenna for Ka-band
	26.5–40
	14.3
	15.2



	[24]
	Substrate Integrated Waveguide H-plane Horn Antenna
	85–103
	19.6
	14.5



	[25]
	Metamaterial-enabled short backfire antenna
	1.1–1.75
	10
	14.1–15.7



	[26]
	K-Band Horn Antenna
	17.5–20.5
	16.2
	14.5



	[27]
	Horn antenna with integrated metamaterial for beam steering
	10–11.5
	4.7
	13.3



	[28]
	Standard Gain C-band Horn Antenna
	4–7
	36.0
	15.0
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