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Abstract

:

This paper presents the manufacturing of a patch antenna using an advanced 3D printing technology called lights-out digital additive manufacturing (LDM). This 3D LDM printing technology is mainly used for printing circuit boards (PCBs); however, it has also been used to print a patch antenna from conductive (CI) and dielectric ink (DI). This 3D LDM-printed antenna was compared with antennas on different dielectric substrates (Arlon 25N and FR4). The obtained results are compared and analyzed in this paper.
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1. Introduction


Currently, there is a great development in 3D printing technologies. Sometimes, the development is in the features of 3D printers themselves, sometimes in the materials used for 3D printing. The worldwide expansion of 3D printing is enhanced by the specific demands of the final consumers. 3D printing is a process of creating a three-dimensional solid object from a digital file, in which the resulting printed object is gradually created by applying (printing) continuous layers of material [1,2,3,4]. Today, there are many 3D printer manufacturers around the world who are engaged in the development and production of various types of 3D printers. This paper presents an option to use the new 3D LDM printing technology to print a patch antenna.



LDM technology has a great advantage in that an antenna can be printed as a single final unit, i.e., no further postprocessing is required. An antenna printed with FDM (filament printing) or SLA (resin printing) technology needs postcoating, e.g., electroplating [5,6]. Another great advantage of LDM technology is the option of soldering. Antennas that are printed and then plated need to use a conductive adhesive to attach feed connectors [7]. This is a disadvantage, as the adhesives do not have the same conductivity properties as a solid conductive solder joint using tin. Moreover, when using very high-quality and conductive adhesives, the cost of the manufactured antenna increases. This is where LDM technology is quite exceptional.



This paper describes the design and production of a patch antenna (coplanar dipole motif) using 3D LDM technology. A patch antenna was selected for 3D printing, as LDM technology is primarily designed for PCB manufacturing. The 3D-printed patch antenna is then compared with conventional patch antennas on different dielectric substrates (Arlon 25N and FR4). The results are compared and analyzed in detail in the paper. The advantages and disadvantages of 3D LDM-printed patch antennas are described in detail.




2. Design of the Printed Patch Antenna


For the experiment, a patch antenna with a coplanar dipole motif was selected [8]. The coplanar dipole was designed and optimized from an original cross-monopole design [9]. The original type of antenna stood out for its broadband capability but was quite large. It was necessary to reduce the size of the antenna. Small antenna dimensions and shape were achieved by using the evolutionary optimization method, as presented later in this paper [9]. The same antenna was fabricated by two different methods and on two different substrates, with known parameters, and both antennas were compared with the 3D LDM-printed antenna to investigate the behavior of this 3D technology. For antennas of this type, the precision of the fabrication is very important, particularly the precision of the slot between the feed face and the ground face. This aspect of the technology was also investigated. In the etching method, a gap of 0.1 mm is already at the edge of production quality. To produce a miniature gap that would be in the tens of µm would be very challenging from both a manufacturing and financial point of view. However, the required accuracy in the tens of µm can be achieved using 3D LDM printing technology. This is a great advantage of 3D LDM technology.



The antennas produced by conventional methods on standard RF substrates will be taken as a standard for comparison with the 3D-printed antenna (using LDM technology). Generally, a printed patch antenna consists of a conducting patch on one side of the dielectric substrate and a ground plane on the other side. In coplanar antennas, however, the ground plane is on the same side as the radiating patch. These antennas typically have a gain between 5 and 6 dBi. The selected coplanar dipole is shown in Figure 1.



Patch antennas can be placed on the surface of airplanes, spacecraft, rockets, cars, on the walls of buildings, on the reverse sides of mobile phones, etc. The main disadvantage of such antennas is their narrow bandwidth and low power loading. However, by special techniques such as changing the shape of the patch, increasing the physical size of the antenna, or appropriate choice of power supply, the bandwidth can be increased [8]. In the following sections, some of the techniques and their effects on antenna performance are discussed in more detail.



2.1. Substrate Properties of Patch Antennas


When designing and manufacturing a patch antenna, it is very important to know the properties of the selected dielectric substrate. Currently, many substrates made of nonconductive bendable dielectric materials are available. These substrates are divided into several basic groups: semiconductor, synthetic, ceramic, ferromagnetic, and composite. In the selection of a substrate, its properties play a major role, namely relative permittivity ɛr, relative permeability μr, loss factor tg(δ), their dependence on temperature and frequency, substrate homogeneity, chemical resistance, thermal expansion, operating temperature range, material aging, flexibility, strength, and processability of the substrate [10,11].



In the production of microwave antennas, a dielectric substrate with a relative permittivity value ranging from 2.2 to 16 and a loss factor ranging from 0.0001 to 0.06 is mostly used. With a high value of permittivity εr, the efficiency usually decreases. The thickness of the dielectric substrate h tends to be much smaller than the wavelength value [11]. An increase in antenna bandwidth and efficiency can be achieved by using a substrate with a bigger height h. However, if the substrate thickness limit is exceeded, surface waves may be excited. This undesirable phenomenon will cause a reduction in antenna efficiency since a part of the power is consumed to excite these waves [11]. Thin substrates with high permittivity are generally desirable for antennas to minimize parasitic radiation and to make the size of the conducting elements small. However, due to higher losses, they are less efficient and have relatively small bandwidths. On the other hand, substrates with large h-thickness and small permittivity are more suitable for good antenna performance. Such substrates will provide better efficiency and greater bandwidth [11].



For the production of the three patch antennas, two traditional substrates (FR4, Arlon 25N) and one 3D LDM printer material were selected. The relative permittivity ɛr and loss factor tg(δ) of the Arlon 25N and FR4 substrate were known. The relative permittivity ɛr and loss factor tg(δ) for the 3D printer dielectric material are described in Table 1. This material (substrate) will hereinafter be referred to as 3D material.



The selected geometry for the tested patch antenna (radiation patch and ground plane) has an important characteristic: the influence of the dielectric substrate has minimal effect on the radiation characteristics of the antenna itself. For this reason, it was also possible to use FR4 material, which was due to the poor properties of the substrate itself, a completely unsuitable material for other geometrical parameters (radiation patch on one side and the ground plane on the other side). In our case, the FR4 material was deliberately selected for the option of using CNC production technology. This technology is cheap; however, it also has its limits in accuracy. For example, the CNC cutter we used had a production accuracy of 0.1 mm.



The table clearly shows that the substrate properties of the 3D material are very good and suitable for the production of a patch antenna.




2.2. Methods of Feeding Patch Antennas


An important part of microstrip antenna manufacturing is the correct choice of power supply. There are several ways to power patch antennas. The type of power supply affects the bandwidth of the antenna and its impedance matching. Power supply types can be divided into two groups, namely contact power supply and noncontact power supply. In the case of a contact feed, it is a conductive connection between the feed line and the metal patch. The most common method of contact power supply is microstrip and coaxial power supply. In noncontact power supply, the power is not supplied directly to the patch, but the energy transfer occurs through electromagnetic coupling. The most used are aperture power and near-line power.



The feed of the patch antenna, in this case, is a coaxial probe. Coaxial probe feeding is one of the basic ways of feeding these types of antennas. The outer conductor of the coaxial connector is connected to the ground plane of the substrate, and the center coaxial conductor is soldered to the metal antenna element after passing through the substrate at a point where impedance matching is achieved. The strip excitation is due to the coupling of the feed current Jz flowing through the center coaxial conductor and through the electric field strength component Ez of the antenna patch. This type of power supply was selected, as LDM technology can also be used with soldering technology, as with conventional substrates (see Figure 2).




2.3. Design and Analysis of Coplanar Dipole


The coplanar dipole (see Figure 3) has very good broadband properties and is very small, which can be used for the miniaturization of UWB communication systems [13,14,15,16]. Extreme bandwidth systems are among the promising systems for modern radio communication. UWB technology is characterized by a large bandwidth of at least 500 MHz or 20% bandwidth satisfying the condition [17]


     B f     f c    > 0.2  



(1)




where Bf is the bandwidth for a 10 dB drop, and fc is the center frequency of the band.



In UWB technologies, the bandwidth is used to compare antennas with each other. To make it clear exactly where the Bf value is read, this value is defined for a 3 dB or 10 dB drop. Wideband technologies do not have a harmonic carrier, and the information is encoded in a sequence of very short pulses (0.2 to 1.5 ns) [17]. Each radio channel can have a bandwidth of more than 500 MHz, depending on its center frequency.



A key point in the implementation of UWB systems is the design of the wideband antenna. The advantage of broadband antennas is the slight variation in the electrical parameters over a relatively wide frequency band. The design emphasizes the stability of the input impedance. Our designed patch antenna operates in the band from 3.1 GHz to 10.6 GHz.



Table 2 shows the dimensions of the coplanar dipole for the selected substrates from which the patch antenna was manufactured. The proposed antennas with different types of substrates were simulated, and the results are shown in Figure 4, Figure 5, Figure 6 and Figure 7. The simulation of the coplanar dipole design showed sufficient bandwidth for the reflection coefficient to drop to −10 dB and a better parameter s11. It is clear that the proposed antenna is suitable for broadband applications [18].



Figure 5 shows that FR4 material has parameters that are not ideal for antenna applications. Arlon 25N and 3D material have almost identical properties. Figure 6 shows selected simulations for the antenna on the 3D substrate.





3. Coplanar Dipole Production Technology


Three different technological processes were used to produce the patch antennas. An etching technology was used for the production of the patch antenna on the Arlon 25N substrate (Figure 8b). The antenna on the FR4 substrate was produced by CNC technology (Figure 8a). The 3D-printed antenna is shown in Figure 8c. The production of antennas by etching or CNC technology is sufficiently described in the available literature [18]. We only further analyzed the 3D printing using LDM (lights-out digital additive manufacturing) technology.



3.1. Description of 3D LDM Printing Technology


LDM technology (lights-out digital additive manufacturing) uses simultaneous printing of conductive ink (CI) and dielectric ink (DI). By printing with both inks simultaneously while maintaining a high resolution and maximum accuracy, the DragonFly™ platform has virtually unlimited design flexibility in multiple applications across various industries. These include communications, RF, medical devices, drones, aerospace, automotive, satellites, in-circuit transformers, antennas, coils, capacitors, etc. [19].



The 3D printer has two print heads, one for printing AgCite™ conductive ink (silver nanoparticles suspended in a solvent) and the other for printing dielectric polymer ink. Both inks have unique and compatible sintering and curing properties. The inks are optimized for use in nanotechnologies [19].



When printing, the thickness of one printed layer of conductive ink (CI) varies between 1.9 and 3.2 μm, and for dielectric ink (DI), 0.27 and 0.44 μm. Thus, for one layer of CI, the machine prints about 11 layers of DI (this further depends on the density of the motif and other parameters). However, everything is performed automatically, and DragonFly LDM2 performs an automatic thickness calibration. The time to print one patch antenna using the 3D LDM2 printer is about 5 h. The cost of 3D printing one antenna consists of two items: the price of dielectric ink (DI) is approximately 4.5 EUR, and the price of conductive ink (CI) is 18.5 EUR. It depends on the designed motif and the size of the antenna.



Therefore, the total cost of the antenna is related to the antenna size. However, if we were to produce, for example, a special antenna consisting of dozens of miniature radiation panels, the production cost would still be the same. Complex antennas that are difficult to produce due to their complex shape are produced using other technologies that are already very costly (for example, the antenna array described in the reference [20]). 3D LDM technology allows for the production of antennas with a precision of 1.9–3.2 μm for conductive material and 0.27–0.44 μm when printing dielectric material [21]. This makes this technology quite exceptional.




3.2. Technical Analysis of a 3D LDM-Printed Patch Antenna


The surface topography was measured with a Talysurf CLI profilometer using the touch method and evaluated with the TalyMap Platinum software (version 6.2). Pictures of the surface were taken on a Tescan Mira 4 electron microscope. Figure 9 shows an analysis of the 3D LDM-printed surface. Figure 10 shows the surface morphology at different magnifications. Figure 10a shows small cracks reaching 100 µm in length. Figure 10b shows a detail of the crack; we were not able to measure the depth of the crack, but we predicted that it did not extend through the entire thickness of the coating. Figure 10c shows in detail the shape of the traces left by the nozzle after printing. Figure 10d shows the microstructure of the surface, showing that the surface is not homogeneous, as some local imperfections occur. From the results presented below, it is evident that these imperfections on the surface did not affect the function of the antenna. Figure 11 shows a detail of the printed dielectric substrate.



Another test was to determine the roughness and roughness slope of the printed metal layer. A touch sensor was used for the test. The test was carried out according to the ISO 25 178-1 standard at a length of 4 mm and cut-off of 0.8 mm, and a Gaussian filter was used for evaluation [22]. Figure 12 shows the roughness profile of the conductive material. The main test parameters are the following:




	-

	
Roughness average Ra = 1.15 μm;




	-

	
Mean roughness depth Rz = 6.78 μm;




	-

	
Total height of the roughness profile Rt = 7.86 μm;




	-

	
Arithmetic mean slope Rda = 7.62°;




	-

	
Root mean square slope of the assessed profile Rdq = 14.6°.









Thanks to a detailed technical analysis of the 3D-printed patch antenna, it was found that 3D LDM printing technology has very high-quality parameters and is suitable for the production of the proposed patch antenna.



During handling of the 3D-printed antenna, it was discovered that this antenna is very fragile. Figure 13 shows the damaged antenna after a 1 m fall to the ground. This fragile feature could be eliminated, for example, by placing the antenna into a protective housing. Future research will explore the options for strengthening this type of antenna. However, the main purpose of this 3D method is to manufacture prototypes of geometrically complex antennas, where high demands are placed on precision manufacturing. One major advantage of this 3D method is that the cost of production does not increase with the complexity of the antenna structure.



Further research can focus on a better adaptation of the design rules using LDM technology to fully exploit the options of 3D space and to explore other options of antenna design [18], to improve the solder pad arrangement and the connectors, and to make the soldering method more suitable to this technology.





4. Evaluation of 3D LDM Printing Technology


All three manufactured antennas were analyzed using a vector analyzer. The results showed that the printed patch antenna has very good performance compared with conventional production techniques (Figure 14, Figure 15 and Figure 16). The bandwidth of the reflection coefficient for a 10 dB drop is from 3.34 GHz to 11.06 GHz. It thus suits planar antennas for UWB applications.



Radiation Patterns of Far-Field Patch Antennas in the E- and H-Planes


Further tests were carried out in an anechoic chamber. The description of the test is described in detail in [17]. Figure 17, Figure 18 and Figure 19 show the measured far-field directional characteristics in the E-plane at 4.7 GHz for the produced coplanar dipole antenna.



Figure 20, Figure 21 and Figure 22 show the measured far-field directional characteristics in the H-plane at 4.7 GHz for the produced coplanar dipole antenna.



Figure 23 shows the measured and simulated gain of a coplanar dipole on a 3D substrate. In our case, the measurement was better than the simulation itself. This could be due to the type and density of the mesh network and also the type of computational solver.





5. Conclusions


In this paper, the production of a coplanar dipole using a new 3D LDM printing technology was presented. Usually, this technology is used for PCB manufacturing. However, here, it was used as an alternative method to manufacture a 3D-printed antenna in order to study the RF properties of the conductive and dielectric ink of the LDM technology. The selected antenna was also designed and manufactured on two conventional dielectric substrates using standard manufacturing procedures. These two conventional coplanar dipole antennas were compared with the antenna manufactured with the new 3D LDM technology.



Measurements showed that the 3D LDM-printed patch antenna has a radiation pattern that matches theoretical predictions. The main advantage of the LDM technology is the high quality of the print. LDM technology can print with low roughness—top surface <2 μm, bottom surface <0.25 μm, and with a minimum particle size of 80 nanometers (d50). Such parameters allow for the printing of 3D miniature objects with high precision. LDM technology is also suitable for the production of coplanar dipole antennas due to the properties of the dielectric materials used for 3D printing. A 3D-printed antenna has a similar weight compared with antennas on conventional substrates.



One disadvantage of the 3D LDM printing technology is that the printed objects are very fragile. Shaping or bending of these 3D-printed objects is very limited (however, this depends on the thickness of the PCB). 3D LDM-printed objects must be handled with great care. Based on the performed tests, it can be said that the 3D LDM technology is applicable for printing planar antennas. In the future, it is possible to fully exploit a new specific approach and implement completely new design rules. This approach would move away from the compared conventional technologies (i.e., etching or milling) toward a spatial arrangement of structural elements in thicknesses of up to 3 mm.
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Figure 1. Description of a patch coplanar dipole: (a) view from above; (b) side view. 
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Figure 2. Display of a connector attached to an antenna made with LDM technology. 
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Figure 3. Dimensions of coplanar dipole. 
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Figure 4. Modulus of reflection coefficient of coplanar dipole with different substrate types (modeled in CST). 
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Figure 5. Phase of reflection coefficient of coplanar monopole with different substrate types (modeled in CST). 
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Figure 6. Radiation patterns of far-field in the E-plane (a) and H-plane (b) at 4.7 GHz for a coplanar dipole on 3D substrate and simulated in CST. 
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Figure 7. Current distribution on coplanar dipole—frequency 3.1 GHz. 
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Figure 8. Image of coplanar dipole fabricated on (a) FR4 material; (b) Arlon 25N; (c) 3D substrate. 






Figure 8. Image of coplanar dipole fabricated on (a) FR4 material; (b) Arlon 25N; (c) 3D substrate.



[image: Applsci 14 01556 g008]







[image: Applsci 14 01556 g009] 





Figure 9. Imaging the location of a detailed analysis of a coplanar dipole using a 3D substrate. 
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Figure 10. Coplanar dipole imaging with the Olympus MVX10 microscope; (a) are small cracks, (b) is a detail of the crack, (c) is in detail the shape of the traces left by the nozzle after printing, (d) is the micro-structure of the surface. 
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Figure 11. Dielectric imaging with the Olympus MVX10 microscope (400× magnified). 
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Figure 12. Display of the roughness of the conductive material. 
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Figure 13. Representation of the destruction of a 3D-printed coplanar dipole. 
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Figure 14. Detail of the measured reflection coefficient of coplanar dipole on FR4 substrate ranging from 1 to 15 GHz. 
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Figure 15. Detail of the measured reflection coefficient of coplanar dipole on Arlon 25N substrate ranging from 1 to 15 GHz. 
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Figure 16. Detail of the measured reflection coefficient of coplanar dipole on 3D-printed substrate ranging from 1 to 15 GHz. 






Figure 16. Detail of the measured reflection coefficient of coplanar dipole on 3D-printed substrate ranging from 1 to 15 GHz.
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Figure 17. Radiation patterns of far-field in the E-plane at 4.7 GHz for the produced coplanar dipole on an FR4 substrate. 
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Figure 18. Radiation patterns of far-field in the E-plane at 4.7 GHz for the produced coplanar dipole on an Arlon 25N substrate. 






Figure 18. Radiation patterns of far-field in the E-plane at 4.7 GHz for the produced coplanar dipole on an Arlon 25N substrate.
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Figure 19. Radiation patterns of far-field in the E-plane at 4.7 GHz for the produced coplanar dipole on 3D printed substrate. 






Figure 19. Radiation patterns of far-field in the E-plane at 4.7 GHz for the produced coplanar dipole on 3D printed substrate.
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Figure 20. Radiation patterns of far-field in the H-plane at 4.7 GHz for a coplanar dipole produced on an FR4 substrate. 






Figure 20. Radiation patterns of far-field in the H-plane at 4.7 GHz for a coplanar dipole produced on an FR4 substrate.
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Figure 21. Radiation patterns of far-field in the H-plane at 4.7 GHz for the produced coplanar dipole on an Arlon 25N substrate. 






Figure 21. Radiation patterns of far-field in the H-plane at 4.7 GHz for the produced coplanar dipole on an Arlon 25N substrate.
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Figure 22. Radiation patterns of far-field in the H-plane at 4.7 GHz for the produced coplanar dipole on 3D printed substrate. 






Figure 22. Radiation patterns of far-field in the H-plane at 4.7 GHz for the produced coplanar dipole on 3D printed substrate.
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Figure 23. Measured and simulated antenna gain. 






Figure 23. Measured and simulated antenna gain.
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Table 1. Relative permittivity εr and loss factor tg(δ) for the 3D material [12]. Note: dielectric breakdown voltage thickness 0.6 mm for 40.3 KV [12].






Table 1. Relative permittivity εr and loss factor tg(δ) for the 3D material [12]. Note: dielectric breakdown voltage thickness 0.6 mm for 40.3 KV [12].
















	
	200 MHz
	500 MHz
	1 GHz
	2 GHz
	5 GHz
	10 GHz
	15 GHz
	20 GHz





	εr
	2.80
	2.81
	2.81
	2.80
	2.80
	2.78
	2.75
	2.78



	tg(δ)
	0.001
	0.004
	0.006
	0.011
	0.012
	0.013
	0.013
	0.012










 





Table 2. Dimensions of coplanar dipole, parameters of used substrates.
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Substrate

	
Dimensions of a Coplanar Dipole




	

	
εr

(-)

	
h

(mm)

	
W

(mm)

	
L

(mm)

	
A

(mm)

	
J

(mm)

	
N

(mm)

	
M

(mm)

	
P

(mm)

	
E

(mm)

	
G

(mm)

	
K

(mm)






	
FR4

	
4.40

	
1.50

	
11.74

	
10.03

	
1.50

	
15.65

	
31.30

	
11.24

	
20.06

	
16.15

	
0.22

	
22.00




	
25N

	
3.28

	
1.50

	
13.14

	
11.23

	
1.68

	
16.98

	
35.06

	
12.59

	
22.47

	
18.09

	
0.25

	
24.64




	
3D

	
2.73

	
1.50

	
16.12

	
12.54

	
1.78

	
18.63

	
39.02

	
15.01

	
24.12

	
20.56

	
0.30

	
27.12
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