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ABSTRACT 

 

In this paper, the concept of a low-cost circularly polarized antenna with partially reflecting surface 

(PRS) has been adopted for point-to-point connectivity in aerospace communication. The 

investigation contains an analysis of dependence of the antenna performance on elements number in 

the PRS structure which allows establishing a compromise between the overall size of the antenna 

and its gain, the parameters that are significant especially from the perspective of small satellites. For 

this purpose, X- and Ka-band frequencies, which provide high throughput and are widely used in 

satellite communications, were chosen to generate simulation results of the antenna and investigate 

its gain, circular polarization, efficiency and key physical requirements – lightweight and compact 

size. It has been shown that satisfactory antenna parameters can be achieved for overall size of 65 x 

65 x 23 mm and 30 x 30 x 7 mm in X band and Ka band, respectively. The best antenna designs that 

may be used in Cubesat, UAV or HAPS communication links have been fabricated and measured to 

validate the proposed approach and designs. It has shown that such universal antennas can seamlessly 

be implemented in aerospace communication systems in which different platforms (i.e. Cubesat, 

UAV or HAPS) have to collaborate to provide data with different spatial resolutions or time 

availability. Moreover, potential applications may also include affordable ground-deployed sensors 

that can be read from long distances by various space and aerial platforms and V2X systems for 

communication with fast moving objects or vehicles. 

1 INTRODUCTION 

Recently, we have observed a growing demand for providing large amounts of data from airborne or 

space platforms to support and complement existing terrestrial infrastructure services in such 

application areas as agriculture, automotive, security and production, to name a few. High-speed data 

transmission is one of the biggest challenges in all these areas as some of the services rely on video, 

images or hyperspectral data processing that has an impact on antenna systems which are used in 

point-to-point communication of small and nano-satellite platforms (e.g. CubeSat) but also in other 

available aerial platforms such as unmanned aerial vehicles (UAVs) or high altitude pseudo-satellites 

(HAPS). Such platforms using hyperspectral imaging can be effectively used e.g. in better 

optimization of agriculture processes, which paves the way for precision farming applications [1]. 

However, to complement hyperspectral imaging with the possibility of monitoring additional soil 

parameters which cannot easily be acquired using hyperspectral sensors or cameras, it is possible to 

use dedicated internet of things (IoT) sensors that can be deployed within the area of interest [2], [3]. 

In future precision farming applications, information acquired from available aerial platforms will be 

merged because satellites, UAVs and HAPS differ in imaging spatial accuracy and possible revisit 

times [1], [4] due to their operating altitude. It means that in order to provide affordable sensors that 
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can seamlessly be read from long distances by different aerial platforms, one has to provide simple 

and inexpensive in mass production high gain circularly polarized antennas that may be a part of low-

cost and energy-efficient soil IoT sensors.  

By using circularly polarized (CP) antennas in the communication system, better connection quality 

can be maintained when the orientation of a transmitting antenna changes towards a receiving 

antenna. Furthermore, in satellite systems circular polarization plays a significant role in reducing the 

impact of the Faraday effect. In general, CP wave can be produced by excitation of two orthogonal 

antenna modes with equal amplitude and a 90° phase shift. However, there are various specific 

techniques to achieve circular polarization. In microstrip patch, CP wave can be generated by using 

dual feed technique [5], inserting slot in single-feed patch [6] or using appropriate shapes of patch 

and truncation [7].  

An approach consisting in placing an additional superstrate layer above a microstrip patch apart from 

effectively increasing the antenna gain, can also be applied to enhance other aspects of the antenna. 

Such an additional layer, which contain a set of metallic parasitic elements that introduce certain 

reflections, is commonly described as partially reflecting surface (PRS) [8]-[12]. Such antennas have 

compact size compared to traditional bulky array antennas. Moreover, PRS antennas provide higher 

efficiency than traditional arrays because they do not need complex feeding networks.  

This paper presents the physical implementation of high gain right-handed circularly polarized 

(RHCP) superstrate antenna in two different frequency bands typically used in satellite applications. 

The most significant criteria selected for this investigation are the lowest possible axial ratio (AR) 

and the highest gain of the antenna in the considered frequency bands and also dimensions not 

exceeding the Cubesat 1U module size. The measurement results of the presented prototypes are 

consistent with the simulation results and are also included in this paper. 

2 ANTENNA CONCEPT AND DESIGN 

The proposed design of high gain circularly polarized antenna with a superstrate layer is based on 

PRS antenna design presented in Figure 1. The antenna structure contains three separate planar layers, 

i.e. feeding part with a ground plane, radiating part and a parasitic part called partially reflective 

surface, which are separated by two air gaps. The highest gain can be obtained for the distance 

between PRS and the ground plane approximately equal to the half wavelength. Consequently, in 

such arrangement, it is possible to achieve phase alignment of rays passing through the PRS layer, 

which results in directivity improvement of the antenna. Because the properties of such an antenna 

strictly depend on the PRS layer reflection coefficient, the key material parameters affecting the 

antenna performance are dielectric permittivity and thickness. The placement of metallized passive 

elements at the bottom of the layer can also have significant impact on the PRS reflection coefficient. 

  

Figure 1. Geometry of the PRS antenna 
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(a) 

  
(b) 

Figure 2. Geometry of the radiating element (a) and exemplary 5 x 5 PRS structure (b). 

 

2.1 X-band PRS antenna 

The X-band PRS antenna was designed at the center frequency of 8.0 GHz. The choice of the radiating 

element depends on the assumed requirements e.g. bandwidth or type of polarization. In this study, 

to generate circular polarization (CP), a rectangular patch with the side length of Lpatch is excited 

through an x-shaped coupling aperture with arms of length Lslot1 and L slot2 spaced at an angle of 90˚ 

which introduces the appropriate phase shift between modes. This feeding method, apart from wide 

bandwidth and circular polarization, also ensures mechanical stability of the feeding connector. The 

coupling aperture is placed in the center of the ground plane on the top side of a thin dielectric layer. 

On the bottom side of the layer, there is a feed microstrip line with Lfeed length and Wfeed width that 

can be used to easy control the impedance matching. The coupling aperture is skewed by 45˚ relative 

to the feeding line as presented in Figure 2(a). The feeding line and ground plane with the slot were 

realized at 0.762 mm thick RO3003 with relative permittivity of 3.0 and loss tangent of 0.001. The 

second layer in a distance H from the ground plane, contains radiating patch placed centrally above 

the coupling aperture. This layer was designed using 0.254 mm CuClad217 laminate with relative 

permittivity of 2.17 and loss tangent of 0.0009. The patch itself designed in this way provides a gain 

of about 7-8 dBi. 

An additional dielectric layer with a set of circular passive patches can be applied to improve 

directional properties. By using materials of different relative permittivity and thickness or applying 

different sizes or shapes of the conductive passive patches, one can affect the reflection coefficient 

of the layer and thus control phase alignment of the wave passing through this layer. Such dependence 

may include such parameters of the antenna as gain, beamwidth or side lobe level (SLL). In the 

proposed design, the superstrate layer is implemented on 0.787 mm RT/duroid5880 laminate with 

relative permittivity of 2.2 and loss tangent of 0.0009. Between the source part and the superstrate 

layer, there is an air gap with the height of Hprs. An exemplary passive elements arrangement is 

presented in Figure 2(b). To facilitate the analysis, this investigation refers to the antenna structures 

containing an arrangement of all passive elements having the same shape and size. The detailed 

dimensions of investigated antenna structures for X band were indexed in Table 1. All the presented 

antenna structures have been designed and simulated using Altair Feko software. 
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Table 1. Detailed dimensions of X-band antenna 
 

Parameter Lfeed Wfeed Lslot1 Lslot2 Wslot Lpatch PD PS Hprs H Lsub 

Value [mm] 

49 passive 

elements 

(7 x 7) 

47.8 1.7 14.5 7.6 1.7 12.5 9.8 0.4 20.1 2 90 

Value [mm] 

25 passive 

elements 

(5 x 5) 

35.3 1.5 16.7 7.6 1.7 12.5 9.8 0.4 21 2 65 

 
 

(a) (b) 

  

(c) (d) 

Figure 3. Simulated results of X-band antenna in two versions of PRS – 5 x 5 and 7 x 7: radiation 

pattern @8 GHz (φ=0°) (a) , Gain (b), Axial Ratio (c), reflection coefficient (d). 

By focusing the analysis only on PRS patterns with an odd number of elements in a row of the array, 

an additional single row of patches outside the array can be introduced without changing the internal 

array structure. According to the simulation results of the proposed antenna and its variant with larger 

number of passive elements, presented in Figure 3, both designs meet the criteria of axial ratio (AR) 

level below 3 dB and impedance matching (S11 below -10 dB) in a wide frequency range. Larger 

number of elements results in better beam focusing implying higher gain of the antenna (15.7 dBi and 

13.8 dBi for 7 x 7 and 5 x 5 arrangement respectively), nonetheless in both cases, the gain is 

significantly higher than the patch antenna. Despite the higher gain, the antenna with 7 x 7 

arrangement, which almost doubles the number of passive elements compared to the smaller 5 x 5 

array, provides slightly lower 3-dB AR bandwidth. The simulation results are collected in Table 2. In 

order to place a larger array of passive elements on the superstrate layer, it is also necessary to extend 

the overall dimensions of the antenna to at least 85 mm x 85 mm. 
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Table 2. Specification of X-band antenna 

PRS structure size 
49 passive elements 

(7 x 7) 

25 passive elements 

(5 x 5) 

AR 3 dB bandwidth 

[MHz] 
835 (10.4%) 1044 (13.0%) 

Maximum gain 

[dBic] 
15.7 13.8 

HPBW @8GHz [°] 24.5 31.4 

F/B Ratio @8GHz 15.3 12.3 

Efficiency [%] 92 95 

2.2 X-band 5 x 5 PRS antenna fabrication and measurement results 

Our X-band PRS antenna was fabricated in the configuration with 5 x 5 passive element array due to 

its small overall dimensions. The measured S11 of X-band antenna is presented in Figure 4. 

The -10 dB bandwidth covers the frequency range from 7.35 GHz to 9.15 GHz. The comparison of 

the normalized radiation pattern and AR level of measurement and simulation results are presented 

in Figure 5 and Figure 6 respectively. The presented characteristics confirm the beam-focusing ability 

of such a superstrate layer narrowing the beam from 80 degrees for a bare patch antenna without 

superstrate layer about to 31.5 degrees after the addition of the superstrate layer. The AR remains 

around 3 dB, which confirms the proper circular polarization of the antenna. 

 

Figure 4. Simulated and measured reflection coefficient results of proposed 

X-band superstrate antenna 

  

Figure 5. Simulated and measured normalized radiation pattern results of proposed 

X-band superstrate antenna @8GHz (φ=0°) 
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Figure 6. Simulated and measured Axial Ratio results of proposed 

X-band superstrate antenna 

Table 3. Detailed dimensions of Ka-band antenna 
 

Parameter Lfeed Wfeed Lslot1 Lslot2 Wslot Lpatch PD PS Hprs H Lsub 

Value [mm] 

81 passive 

elements 

(9 x 9) 

20.8 1.2 4.1 2.55 0.5 2.55 2.8 0.2 5.25 0.6 40 

Value [mm] 

49 passive 

elements 

(7 x 7) 

16.4 1.24 4.1 2.5 0.5 2.9 2.8 0.2 5.55 0.6 30 

Value [mm] 

25 passive 

elements 

(5 x 5) 

16.3 1.3 4.2 2.6 0.5 2.9 2.8 0.2 5.75 0.6 30 

Table 4. Specification of Ka-band antenna (simulation results) 
 

PRS structure size 
81 passive elements 

(9 x 9) 

49 passive elements 

(7 x 7) 

25 passive elements 

(5 x 5) 

AR 3 dB bandwidth 

[MHz] 
2550 (9.3%) 3280 (11.9%) 3660 (13.3%) 

Maximum gain 

[dBic] 
14.4 14.4 13.8 

HPBW @27.5 GHz 25.8 22.3 28.6 

Efficiency [%] 92 94 94 

SLL [dB]  

@27.5 GHz 
14.2 11.8 11.4 

2.3 Ka-band PRS antenna 

Correspondingly to the previous arrangements, similar designs of high-gain antennas were created 

for the Ka band at the center frequency of 27.5 GHz. Due to smaller overall dimensions of 

the antenna, a higher order of the passive array than in the case of the X-band antenna was also 

considered, i.e. array with 81 passive elements in 9 x 9 arrangement. The feeding part with the ground 

plane and superstrate layer was designed using RT/duroid 5880 with a thickness of 0.787 mm and 
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CuClad217 with a thickness of 0.254 mm was used for the layer with the radiating patch. The feeding 

part comprising the ground plane was implemented using a substrate of lower permittivity than in the 

X-band antenna due to much shorter wavelength at Ka-band frequencies. Each of the proposed 

designs was tuned taking into particular account the 3-dB AR bandwidth. The detailed dimensions of 

the proposed antennas are as listed in Table 3. 

In Figure 7, the simulation results of the antenna designs for Ka-band are presented. The half-power 

beamwidth (HPWB) can be easily controlled by the overall size of the array, the size of a single 

passive cell or the distance of the PRS layer from the radiating patch. However, an array with a large 

number of passive elements may also increase the level of undesired side lobes. As it is shown in 

Table 4, increasing the number of passive elements does not improve the gain and even results in a 

narrower bandwidth. Thus, the 7 x 7 passive elements variant can be considered as the optimal array 

design, therefore, the fabrication details and measurement results for this particular configuration are 

discussed in the following section. 

2.4 Ka-band 7 x 7 PRS antenna fabrication and measurement results 

The proposed antenna with a 7 x 7 array of passive elements has been fabricated and its dimensions 

are presented in the Table 3. The measured reflection coefficient of the antenna is shown in Figure 8. 

The minimum is not as deep and -10 dB bandwidth is narrower than the simulation results, but it 

sufficiently covers the intended satellite frequency bandwidth from 27 to 28.5 GHz. The difference 

is caused by the insufficient height of the air gap between the layers in the feeding network which is 

difficult to implement accurately due to its small size in the Ka band. This effect can be mitigated by 

removing the inter-layer gap and according tuning of the antenna. The radiation pattern of the antenna 

was measured in a millimeter-wave anechoic chamber. The normalized radiation pattern at 27.5 GHz 

  
(a) (b) 

  
(c) (d) 

Figure 7. Simulated results of Ka-band antenna in three versions of PRS – 5 x 5, 7 x 7 and 9 x 9: 

radiation pattern @27.5 GHz (φ=0°) (a), Axial Ratio (b), reflection coefficient (c). 
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compared with the simulation results is shown in Figure 9. In Figure 10, one can see that the CP 

requirement of AR below 3 dB is fulfilled in a wide frequency band. The narrower AR bandwidth 

than obtained from the simulations may also be caused by the aforementioned air gap. 

 

 

Figure 8. Simulated and measured reflection coefficient results of proposed 

Ka-band superstrate antenna 

 

Figure 9. Simulated and measured normalized radiation pattern results of proposed 

Ka-band superstrate antenna @27.5GHz (φ=0°) 

 

Figure 10. Simulated and measured Axial Ratio results of proposed 

Ka-band superstrate antenna 
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3 CONCLUSIONS 

In this paper, high gain superstrate antenna with circular polarization for point-to-point 

communication in aerospace application platforms such as CubeSats, UAVs or HAPS is presented. 

The antenna was implemented in two frequencies. First, the X-band antenna was designed and then 

it was investigated whether such an antenna could be easily transformed to a higher Ka-band. In this 

study, such aspects as circular polarization in a wide band and high gain obtained with the smallest 

possible total dimensions and weight of the antenna were taken into account. In the presented antenna 

design, the choice of antenna configuration is a trade-off mainly between the antenna gain and the 

antenna size in cross-section parallel to the side of the CubeSat and thus it can be easily adapted to 

the rest of the CubeSat's payload. In the presented prototyped examples, the antenna gain above 

13 dBi was achieved in all antenna configurations. The total size of the antenna is 65 x 65 x 23 mm 

and 30 x 30 x 7 mm for X and Ka bands, respectively. The measurement verification confirms that 

presented type of antenna can work in both frequency bands efficiently and it is easily scalable. Some 

manufacturing inaccuracies that occurred in fabrication of the prototypes have not affected the 

operation of the antennas. The development work on this antenna designs can involve more expensive 

and durable materials and also creating a more compact and mechanically strengthened structure, 

suitable for placement in a small satellite. There are also a few possibilities of miniaturization of the 

presented antenna, which will be taken into consideration in our future works. 
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