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Abstract. The paper presents a compact patch antenna system designed using 3D printable 

materials and compatible with any CubeSat satellite structure. Small satellites are transforming 

the space industry, allowing space access with an important cost reduction for satellite industries 

and a shorter plan development time compared to bulky satellites. Moreover, using additive 

manufacturing, it is possible to design specific system components, also with a complex 

geometry of the inner part, without material wasting. Furthermore, a key point of 3D printing is 

to allow to go from design to construction straight, having an enormous effect on the supply 

chain. Generally, CubeSats count on Very High Frequency and Ultra High Frequency 

communication systems for low bit-rate uplink and downlink. Instead, S-band is among the 

favourite choices for high bit rates since the frequency range 2.40–2.45 GHz is one of the 

International Telecommunication Union (ITU) amateur satellite frequency range. An S-band 

printed antenna system is designed in the present paper, considering the limitations on size and 

the weight of CubeSat standard. The antenna system is simulated with an electromagnetic CAD, 

using the polylactic acid as substrate, or polylactide, a thermoplastic polyester widely used in 3D 

printing. 

1.  Introduction 

Small satellites equipped with advanced electronics and sensor systems, weighing from 1 to 50 kg, 

can be applied in a large range of satellite applications, for example technology validation, Earth 

observation, space exploration, with a low mission cost [1, 2]. According to the literature [2], there are 

currently around 3000 artificial satellites in orbit, about 2000 of which are in low-Earth orbit, i.e., up to 

altitudes of 2000 km and it is very probable that this number will increase by orders of magnitude in the 

next decade [3]. This growth represents a great opportunity but, at the same time, increases the debris 

problem, a topic already faced by several research groups [4]-[6].  

Depending on the specific mission, a satellite has to satisfy some requirements and it also has to 

fulfill CubeSat standards that limit dimensions and weight: in this way, the subsystem design is 

challenging. 

The communication subsystem is a very relevant component of a satellite since it ensures the uplink 

of telecommands and the downlink of telemetry. Specifically, the antenna design has to consider both 

mission aspects and CubeSat size-constraints [7]. Typically, S-band is the favorite choice for high bit-

rates since this band is within the ITU International amateur satellite frequency band [8]. For these 

reasons, one of the most important features of satellite missions is the antenna design. Furthermore, 

depending on the particular mission, the design of specific antenna radiation patterns appears to be 

crucial [9]. 
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Moreover, access to space for research missions and educational purposes requires that the cost of 

the components should be as low as possible and the production time short. Furthermore, the possibility 

to build a complex geometry in an effortless way suggests the design of the antenna with 3D printing. 

Indeed, using additive manufacturing, it is possible to build customized system components, with 

complex geometry, without wasting of material. A key point of 3D printing is to go from production to 

consumption straight, having an enormous effect on the supply chain. The polylactic acid, or polylactide 

(PLA) is the most commonly used plastic filament material in 3D printing. It is a widespread material 

produced from renewable resources, since it is naturally made from fermented vegetable starch as for 

example sugarcane, corn, cassava or sugar beet pulp [10].  The derivation of the PLA from renewable 

sources makes it biodegradable; moreover, another important key point is the recycling option [10].  

The present paper shows the design of a patch antenna, carried out with Microwave Studio (MWS) 

by Computer Simulation Technology (CST), a full EM CAD based on the FIT method and the design 

of the feeding microstrip input line achieved with the CAD Microwave Office (MWOTM Applied Wave 

Research). The whole design has been optimized using as substrate a material having the characteristics 

of PLA filament Filoalfa© [11]. 

The reminder of the paper is organized as follows: in Section 2 methods and models are presented, 

results of the antenna parameters are shown in Section 3, and finally, in Section 4 conclusions are 

described. 

2.  Methods and Models 

2.1.  Substrate material 

The substrate considered for the patch antenna design is the PLA, whose properties (ε=2.1, 

tan𝛿=0.005) have been characterized in [12]. In particular, a similar behavior with respect to 

polytetrafluoroethylene (PTFE), a synthetic fluoropolymer of tetrafluoroethylene with numerous 

applications, was found. It is worth noting that PTFE has outstanding dielectric properties, particularly 

at high radio frequencies, it is appropriate for use as insulator in connector and cables, and in PCBs used 

at MW frequencies [13].  

In order to achieve a dependable system, a multi-layer design has been chosen with a layer’s 

configuration as shown in Fig. 1. In particular, the patches are fabricated on a 1.52 mm-thick PLA 

substrate hosting a ground plane on the opposite face; the antenna phasing and feeding network is 

fabricated on a thinner PLA substrate (0.508 mm) having the same ground plane of the antenna. This is 

convenient, because the face where the antenna is mounted (bottom face of the CubeSat) generally needs 

some free space, i.e., for the solar panels or a camera, in case of observation missions; therefore, some 

space at the center of the face has been left. 

 

 
Fig. 1. Stack-up of the layers. 

2.2.  Antenna system design 

The overall size of the 3U CubeSat for the antenna design is 10×10 cm2 for the bottom face. Indeed, the 

larger 30×10 cm2 sides are generally dedicated to the solar arrays for the energy production. An S-band 

printed patch antenna has been developed since printed patches seem to be the best candidate for the 

https://en.wikipedia.org/wiki/3D_printing
https://en.wikipedia.org/wiki/Renewable_resource
https://en.wikipedia.org/wiki/Sugarcane
https://en.wikipedia.org/wiki/Corn_starch
https://en.wikipedia.org/wiki/Cassava
https://en.wikipedia.org/wiki/Beet_pulp
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communication subsystem [14]. Four rectangular patches with a PLA substrate are proposed to achieve 

a radiation pattern that can be reconfigured as desired.  

An optimization process has been executed with CST MWS, taking into account as starting 

dimensions those obtained by analytic evaluations. Each rectangular radiator has been firstly optimized 

in terms of dimensions and location of the feeding point. The dimensions of the rectangular patches are: 

l = 41.75 mm and w = 12 mm. The position of the patch feeding point has been optimized by EM 

simulations in order to achieve the best matching, and it is designed 3 mm away from the antenna center 

(red points in Fig. 2).  

 

 
Fig. 2. Antenna system geometry with the 4 feeding points (red circles). 

 

 

Fig. 3 shows the S-parameter for each patch of the antenna system. In particular, results show the 

antenna is well matched at the working frequency, since the S11 is lower than -10 dB at 2.45 GHz. In 

particular, the S11 value is -22.13 at 2.45 GHz. 

 

 
Fig. 3. Return loss of the single patch. 
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2.3.  Phase effect on the antenna radiation pattern 

 

MWS CST simulations have been conducted with the four feeding ports, positioned in the four 

optimized points shown in Fig. 2, changing the phase of the signals in order to analyse antenna radiation 

pattern, polarization and the gain in relation to the phase at the excitation ports. 

Numerous cases have been considered. In the following, three examples are shown.  

In the first case, ports 1, 2, 3, and 4 (see Fig. 2) are excited with a phase of 0°, 90°, 180°, 270°, 

respectively, which means that the two patches are in antiphase between each other and in quadrature 

with the other two. Regarding the radiation pattern, Fig. 4-1 shows that the maximum radiation is along 

the boresight with an aperture (-3 dB) of 57.7° and a main lobe directivity of about 8 dBi. Moreover, 

this configuration exhibits a circular polarization, since the simulated axial ratio values are about equal 

to 1 and the phase shift ≅ 90° [15]. 

In the second case, ports 1, 2, 3 and 4 are excited with a phase of 0°, 90°,180°, 90°, respectively (two 

opposite patches are in antiphase and the other two in-phase and in quadrature with the other two). The 

antenna radiation pattern has a heart shape and its maximum at 30° is equal to 6.2 dBi (Fig. 4-2). 

Moreover, this configuration exhibits a linear polarization. 

In the third case, all the ports are excited in phase. Concerning the antenna radiation pattern, the third 

case shows a polar plot of the simulated with an apple shape with a maximum in the directivity at 43° 

(Fig. 4-3) and a linear polarization. 

 

 
Fig. 4. Feeding signal phase effect on the radiation pattern of the antenna. 
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2.4.  Feeding line design 

The feeding line has been designed with MWO. A Wilkinson power divider in microstrip technology 

is used, with the aim to achieve the chosen radiation pattern. Three power dividers have been used to 

divide the input power among the four antennas. The feeding line layout is shown in Fig. 5 together with 

the antenna system in a top view of the layer stack-up. A surface mount phase shifter component can be 

used as for example the one reported in [16], with a controlled 0°-180° phase range, or a digital phase 

shifter [17] to achieve the different input phases. Furthermore, the feeding line, the pad for the SMA 

connector and the antenna can be built with a conductive filament, such as the Electrifi Conductive 

Filament by Multi3D [18, 19]. 

 

 
Fig. 5. Antenna system and feeding line top view. At the center of the figure, there are metal pads to solder 

the SMA connector. 

 

The transmission coefficient is shown in Fig. 6: it has a value around -6.1 dB that entails the power 

is divided by four, while Fig. 7 shows an about 0° phase-shift between the ports. 
 

 
Fig. 6. Transmission coefficient. 
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Fig. 7. Shift of the phase between the four ports. 

 

3.  Results 

The entire structure, i.e. the antenna system with the designed feeding line, has been simulated by 

using CST MWS, including the SMA connector model that will be used in practice to feed the antenna. 

3.1.  Return loss 

Fig. 8 shows the S-parameter of the whole structure computed with MWS: the antenna appears well 

matched around 2.45 GHz, since at this frequency the return loss is well below the value of -10 dB. 

 

 
Fig. 8. Simulated return-loss of the complete antenna system (feeding line, patches and SMA connector). 

 

 

3.2.  Radiation pattern 

The 3-D radiation pattern plot of the simulated antenna is shown in Fig. 9. The shown case is the 3-D 

directivity polar plot with an apple shape that has a maximum of about 4 dBi at 45°.  
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Fig. 9. Simulation results of the 3-D directivity radiation pattern. 

4.  Conclusion 

An S-band patch antenna is proposed, having low cost, compact size and design features appropriate for 

any CubeSat standard structure. In particular, in order to use the antenna system in space missions with 

different purpose, feeding line phases have been studied in order to obtain different pattern shapes and 

field polarizations. The proposed structure has been designed with a numerical EM CAD, simulating a 

dielectric substrate mimicking the PLA filament (Filoalfa©) that was characterized in a previous work.  

Results point out that the antenna system return loss is lower than -10 dB at the operational frequency. 

As future developments the antenna system prototype will be manufactured and tested using a 3D printer 

as for example the Raise3D Pro2 dual extruder printer [20]. 
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