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Abstract

:

CubeSats are a class of miniaturized satellites that have become increasingly popular in academia and among hobbyists due to their short development time and low fabrication cost. Their compact size, lightweight characteristics, and ability to form a swarm enables them to communicate directly with one another to inspire new ideas on space exploration, space-based measurements, and implementation of the latest technology. CubeSat missions require specific antenna designs in order to achieve optimal performance and ensure mission success. Over the past two decades, a plethora of antenna designs have been proposed and implemented on CubeSat missions. Several challenges arise when designing CubeSat antennas such as gain, polarization, frequency selection, pointing accuracy, coverage, and deployment mechanisms. While these challenges are strongly related to the restrictions posed by the CubeSat standards, recently, researchers have turned their attention from the reliable and proven whip antenna to more sophisticated antenna designs such as antenna arrays to allow for higher gain and reconfigurable and steerable radiation patterns. This paper provides a comprehensive survey of the antennas used in 120 CubeSat missions from 2003 to 2022 as well as a collection of single-element antennas and antenna arrays that have been proposed in the literature. In addition, we propose a pictorial representation of how to select an antenna for different types of CubeSat missions. To this end, this paper aims is to serve both as an introductory guide on CubeSats antennas for CubeSat enthusiasts and a state of the art for CubeSat designers in this ever-growing field.
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1. Introduction


CubeSats are a type of spacecraft called miniaturized satellites that are categorized based on their size, namely minisatellites, microsatellites, nanosatellites, picosatellites, and femtosatellites [1]. CubeSats belong to the class of nanosatellites having the smallest dimensions of 10 cm × 10 cm × 10 cm (1U) and a mass of 1.3 kg. As shown in Figure 1, other available sizes range from 2U up to 12U with a mass of 15.6 kg. In addition, Table 1 shows the weight and dimensions of the CubeSats in each category. However, nanosatellites of less than 1 kg have yet to be designed for commercial applications [2].



Having such small and light features enables developers to provide a time- and cost-effective solution to designing fully functional satellites. The development cost is significantly less than standard satellite missions, as CubeSats can be launched as a secondary payload from standardized ejection modules such as the Poly-Picosatellite Orbital Deployer (P-POD) [3] or being deployed from the International Space Station [4]. The original reference of CubeSat design specifications dates back to 1999, when it was proposed by professors Jordi Puig-Suari from California Polytechnic State University and Bob Twiggs from Stanford University. These specifications, including mechanical, electrical, operational, and testing requirements, set the foundations for CubeSat design [5,6]. By referring to the maturing standards gradually developed over the years, a CubeSat mission can be finished within a few years.



The primary goal of introducing this new class of satellites was to educate graduate students on developing skills for designing, building, testing, and operating small satellites in low Earth orbit (LEO) and developing new scientific research methods, as well as advancing new space technologies. Meanwhile, the first CubeSat mission was launched in 2003, and only a handful of CubeSats were launched every year before 2013. As mentioned, this is because most CubeSats were developed by universities or research institutions. The number of CubeSat missions increased rapidly only when commercial applications joined the field [7]. To date, many CubeSats have been designed, launched, and operated successfully at low Earth orbit (LEO). Examples include CanX-1, CUTE-1, and AUU [8]. Very few CubeSats are designed, launched, and operated for deep space communications, such as those in [9,10]. On the other hand, CubeSats have limited functionality compared with other larger in size satellites. For instance, fitting an on-board propulsion system [11], large solar panels [12], radiators [13], as well as high-gain antennas [14] has proven to be a series of challenging tasks due to the limited room on the CubeSat [15]. However, the advancements in printed circuit board (PCB) technology [16,17] and the availability of off-the-shelf components (COTS) alongside the development of more powerful processors such as Field Programmable Gate Arrays (FPGAs) [18] have enabled researchers to develop cost-effective CubeSats for various challenging missions.



One of the key challenges is an antenna design that achieves a high gain while having a small size. This is because higher gain leads to a higher data rate. However, the higher the gain, the more highly directional it is. This means the CubeSat’s antenna must be pointed with high accuracy toward the ground station to communicate at a high rate over the highly focused radio signal. According to the recent surveys in [19,20,21], most CubeSat missions use UHF bands typically at 438 MHz, with possible data rates of up to 9.6 kbps. While only CubeSats employ higher frequency bands such as S-band to increase the data rates, considering the data rates for a standard mobile phone, 9.6 kbps is indeed a throwback to another era. This issue has also been raised by NASA’s investigator Doug Rowland [22]. In addition, the orbital lifetime of CubeSat is another limitation, which is 0–100 days when it is orbiting at lower than 300 km. Higher altitudes might lead to an extended lifetime of up to 2 years at 400 km [23].



This paper is organized as follows. CubeSats and their subsystems are introduced in Section 2. The background on CubeSat antennas and several restrictions posed by the CubeSat standards are presented in Section 3. Furthermore, Section 3 reviews 120 CubeSat missions dating from 2003 to 2022 and draws conclusions on the mission type, frequency bands, and antenna type popularity among the CubeSat community. In Section 4, single-element antennas for CubeSat are presented, while in Section 5, antenna arrays and arraying techniques for CubeSats are reviewed. Section 6 presents a comparison between single-element antennas and antenna arrays. The paper concludes with Section 7, which includes the proposed pictorial representation of how to select an antenna for different types of CubeSat missions.




2. Background on CubeSats and Their Subsystems


Compared with conventional large and medium satellites, CubeSats weigh less and require less time for development (e.g., 1 year) [24]. Because of their limited size and weight, several restrictions should be considered in the design of a CubeSat system. The development of CubeSats has enabled the study and testing of novel ideas in the field of low-power microelectronics, digital signal processing, and communication protocols in space without spending millions of dollars. This section provides an overview of CubeSats.



2.1. Mass and Volume


A small satellite often has limited room for the installation of electronics, antennas, payload, and solar panels. More specifically, large-volume antennas that generally have complex deployable systems are more likely to be excluded from a CubeSat mission. Thus, smaller antennas are preferable as they occupy small space on the CubeSat. Another important factor that influences the antenna’s choice and design for CubeSat missions is the mass. A typical CubeSat should weigh around 1.3 kg. Therefore, the weight of the antenna should be considered along with the different major weight contributions from the payloads, solar panels, core processors, batteries, and the chassis of the CubeSat. Failure to meet the CubeSat standards in terms of mass limitations would result in failure to launch.




2.2. Low Earth Orbit (LEO)


Most CubeSat missions take place on LEO, which ranges from about 150 km up to approximately 600 km and is below the ionosphere. Within this region, there are many science satellites and the International Space Station (ISS) [25]. When orbiting in LEO, a CubeSat undergoes different heat inputs and passes through different light ranges. The antenna might be designed to radiate certain amounts of power, but it should also be designed accordingly to reject any power received from unwanted sources. The noise temperature is a parameter which should be considered and modelled properly when designing an antenna for space missions where the thermal environment is harsh. For example, Earth can be considered an ideal blackbody in equilibrium that absorbs all the electromagnetic energy and emits energy at the same rate, which implies that Earth is an unwanted power source for the antenna. These fluctuations in the external space environment should be considered when designing a CubeSat. Figure 2 shows the altitude classifications for geocentric orbits.




2.3. Electrical Power Subsystem (EPS)


Another essential part for the satellite subsystems is the power subsystem, which constantly supplies the required power during the operation of the CubeSat. Power budgeting is one of the primary objectives of the CubeSat’s design, and it must follow accurate calculations and obey certain limitations. Solar power is the main source of CubeSat power, since sunlight is the only available energy source in space. Other extra energy sources such as fuel cells and radioactive decay units are not practical for CubeSats. The expected power usage of the CPU, the radio, and the sensors need to be predictable and tightly defined. An optimized scheme of power budgeting needs to be developed accordingly.



Many CubeSats use 5-V buses as their core components of the power system, as a 5-V microcontroller is common and popular. A voltage of 3.3 V is becoming increasingly popular for CubeSats as well. According to [26], the capacity of space-grade lithium polymer batteries in CubeSat applications can range from 1.1 Ah to 1.4 Ah among different suppliers. The authors of [27] presented a design for a CubeSat bus that can provide 1.3 W of power to support some kinds of Earth observation missions and makes an allocation of the power budget to each subsystem.




2.4. Command and Data Handling Subsystem (C&DH)


The main processor subsystem, also known as Command and Data Handling (D&DH), coordinates complex actions taken by different parts within the system and provides stable and synchronized operation. The main processor of a CubeSat needs to be small and consume a low amount of power. Most current CubeSat missions use microcontrollers, but microprocessors are being considered for future missions. Some common processors such as ARMA, PC-104, and H8S-2674R have been chosen for some CubeSat missions [28,29,30]. Processors such as the PIC series and AT91SAM series are also available from providers, namely Pumpkin and Tyvak, and have also been applied in this kind of small satellite project. Additionally, applications of BasicX-24 and Arduino as the main processors of CubeSats are compared in [31]. FPGAs are also an attractive solution for CubeSat C&DHs as they offer in-obit reconfiguration, and their fabric can be designed to be tailored to specific mission requirements [17].




2.5. Propulsion Subsystem


CubeSats may use propulsion systems to realize active attitude control, reaction wheel desaturation, drag recovery, orbit changes and proximity operations [32]. In addition, a proper propulsion system can help a CubeSat slow down orbital decay and extend its lifetime. Because of the restrictions on CubeSats, their propulsion systems can only be used on specific occasions. The following technologies have been applied on current CubeSat missions: solar sail, cold gas, electric propulsion systems, and chemical propulsion systems [33]. The design of propulsion systems is still being developed to push the capabilities of CubeSats even further.




2.6. Attitude Determination and Control Subsystem (ADCS)


The ADCS for CubeSats is responsible for controlling the orientation of the spacecraft from the current attitude to a desired one. Various sensors or gyroscopes are used to record the orientation. For example, magnetic coils and reaction wheels are applied to provide necessary torques to reorient the satellite. Generally, two types of stabilization methods are utilized, namely spin stabilization and three-axis stabilization. Spin-stabilization requires one of the satellite axes to be fixed toward a specific direction, and then the body of the satellite is rotated accordingly. For this method, an initial force will be applied to the body of the satellite around an axis, and then the satellite will keep rotating because of the moment of inertia in space. Secondly, with three-axis stabilization, a satellite can be reoriented and stabilized in three different orthogonal axes instead of spinning around one axis, which results in maintaining a fixed attitude relationship with Earth or a successful inter-satellite link, respectively [34].





3. Background on Antennas and CubeSat Missions


An antenna or an aerial is defined as an element that is capable of sending and receiving radio waves (IEEE Std 124-1983). Technically, antennas may be resonant or non-resonant devices and operate efficiently when their geometry and impedance characteristics are tuned to a specific frequency. Antennas direct energy in a specific direction (or in all directions) and do not add or subtract power to a transmitted or received signal. An ideal transmitting antenna is one that radiates power without reflecting energy back to the feeding circuit. An ideal receiving antenna is one that absorbs the entire incidence electromagnetic wave without reflection.



Antennas can be classified by their radiation pattern as isotropic, omnidirectional, or directional. An isotropic antenna is an ideal reference and not physically feasible since it has equal radiation in all directions. Omnidirectional antennas, or whip antennas, have equal radiation in a given plane (e.g., the horizontal plane), and radiation is reduced outside that plane. Usually, single-element antennas have a wide radiation pattern and relatively low gain, making them suitable for general communication purposes, where the location of the receiver or transmitter is unknown, while at the same time, they are less efficient for applications that require long-distance, reliable, and effective communication links. The most common antenna used on a CubeSat is a whip antenna, which is a single-element monopole antenna. In [30], a CubeSat with two whip antennas of different lengths is shown. It consists of a flexible wire where the bottom part is connected, usually through a coaxial feed to the receiver or transmitter, and typically mounted above a ground or metal plane. A popular whip antenna is a    λ 4    monopole, where  λ  is referred to as the resonant wavelength. The length of the antenna L in meters can be calculated with Equation (1):


  L =  λ 4  =   300   4 f    



(1)




where λ is the wavelength and f is the operating frequency in MHz. In a typical CubeSat application where the operating frequency is 433 MHz, a quarter-wavelength whip antenna should be 17.3 cm. However, this length exceeds the available CubeSat surface area. In this case, the antenna needs to be folded or rolled, stowed within the CubeSat body, and then deployed to its functional size after launch. This adds to the design complexity, as it brings in a potential point of failure for an antenna deployment mechanism. If the size is reduced, the antenna will be less efficient at the operating frequency. This simple example illustrates at least one design consideration when looking at the communication and antenna subsystem of a CubeSat.



On the other hand, directional antennas could radiate a relatively higher amount of power in specific directions and thus are more suitable than omnidirectional antennas when a higher gain is desirable. Realizing a directional radiation pattern can be accomplished by employing antenna arrays, reflectarrays, parabolic reflector antennas, horn antennas, or inflatable antennas. For example, in the case of antenna or phased arrays, the radiation fields from the elements of the array interfere constructively in the desired direction while cancelling each other out in other directions. Therefore, antenna arrays can synthesize a variety of radiation patterns which can be accurately pointed in the desired direction. As a result, higher data rate links can be established through higher signal-to noise-ratios (SNRs) and larger bandwidths (B). In short, antenna arrays have the following advantages. First, they have higher gain compared with single-element antennas and a better trade-off between antenna size and performance. Secondly, arrays can enable an electronically steerable beam with appropriate feeding of the elements. This can make satellites more versatile. Indeed, instead of physically reorienting a CubeSat to establish a link, its antenna beam can be electronically steered. Finally, they are more flexible in terms of mission-specific synthesis, as additional elements can be added when the mission needs a larger aperture or finer beam control, and the failure of a single element may not significantly impact the overall system’s performance.



Other methods that have been proposed to increase the overall CubeSat downlink capacity are known as CubeSat swarms or constellations [35]. As demonstrated in [34], a CubeSat swarm is a group of individual CubeSats working cooperatively and sharing resources with each other. Interestingly, a subset of CubeSats can form a virtual antenna array to realize a larger aperture area with higher reliability. As a result, the power, memory, and bandwidth can be shared and distributed inside the swarm. However, a swarm of CubeSats requires reliable and efficient inter-CubeSat communication links [36,37]. Specifically, high-speed inter-satellite links will help to facilitate formation-flying missions, where CubeSats maintain the desired relative separations, positions, and orientations. Omni-directional antennas are the first choice for inter-satellite links because they can easily respond to the constant reorienting or repositioning of CubeSats.



3.1. CubeSat Antenna Specifications


Antenna design is a complex task and must be tailored to the CubeSat mission under consideration. A CubeSat’s typical operation is performed in the VHF, UHF, or S-band, and the antennas are placed on one of the CubeSat surfaces. The size of a monopole or dipole antenna designed to operate in the VHF or UHF band usually exceeds a CubeSat’s surface, which is 10 cm × 10 cm. From this point of view, when designing antennas for CubeSat missions, the following concept should be followed: reduce the physical size of the antenna but maintain the desired radiation performance to meet the mission requirements. Telemetry, tracking and command, a high-speed downlink for payload data, GPS and GNSS signal reception, and inter-satellite communication links are some of the fundamental functions performed by the antenna system. In order to design CubeSat antennas for high-level missions, such as inter-satellite communications for distributed CubeSat swarms, it is necessary to properly define the specifications based on the communications requirements and the platform or mission aspects [38]. A summary of the restrictions posed by the CubeSat platform and their corresponding descriptions are presented in Table 2. These restrictions must be considered by the CubeSat antenna designer during the design and integration phase of the antenna with the CubeSat.




3.2. CubeSat Missions and Their Antenna Designs


Based on the specifications defined in Table 2, a type of antenna may be selected for a specific CubeSat mission according to the communications’ requirements for the mission and the limitations set by the CubeSat standards. The simplest and most used structures of CubeSat antennas are wire and patch antennas. Furthermore, planar antennas have become increasingly attractive for small satellite missions due to their low profile and compatibility with RF and microwave circuits. Microstrip patch antennas and slot antennas are two types of popular planar antenna designs for CubeSats. A literature survey based on planar antenna designs and their potential for picosatellite applications is presented in [21]. To better understand how the aforementioned restrictions are considered in current CubeSat missions, in the remaining part of this section, a comprehensive survey of the current antennas used in CubeSat missions is presented. Table 3 shows the well know frequency bands. Table 4 lists 120 CubeSat missions from 2003 to 2022 with the aim of informing the reader about the different antenna types, frequency bands, and CubeSat sizes used for different mission types. The mission selection is not exhaustive but illustrative. The choice of the missions depends on the availability of mission data related to the communication subsystem of each mission. The frequency bands used in Table 4 correspond to the IEEE standards shown in Table 3.



Figure 3 shows a breakdown of the mission types corresponding to the missions presented in Table 4. Nearly half of the missions were focused on technology demonstration, where CubeSats were used as a cost-effective way to test and validate innovative hardware or software such as novel propulsion systems, attitude control systems, or inter-satellite links, as in the case of CP6 or Cesium. The second biggest portion (21% of the missions) was devoted to educational purposes, where CubeSat were used by different academic institutions around the world to motivate students and familiarize them with satellite subsystems. It is worth mentioning that offering undergraduate students opportunities to get involved in a space-related project like CubeSats has led to a rapid increase in CubeSat launches lately. Earth observation and scientific missions each contributed 12% of all the investigated missions. In these missions, CubeSats may be used to study radiation levels in outer space, the ionosphere, and space as well as Earth weather or even monitor crops from space. Lately, CubeSat missions related to communications such as high-speed downlinks, IoT, M2M, and 5G from space have started to emerge, which corresponded to 7% of all the missions. Finally, the smallest portions of the CubeSat missions were found in surveillance with 2% and interplanetary exploration led by NASA, corresponding to 1%.



In this survey, the sizes of existing and previous CubeSats were also recorded in an effort to illustrate the overall trend in CubeSat designs. Figure 4 shows the popularity of CubeSat sizes over the 120 missions under investigation. The smallest size in the literature corresponded to 0.25U, with only one mission found. The most popular CubeSat size was found to be 1U, which is defined as the basic unit for CubeSat design. The next most popular size was 3U with 36 CubeSats in total, which showcases the potential of using 3U to accommodate more complex functions and carry more advanced technology. With the development of CubeSat missions, some larger sizes such as 6U and 12U emerged, which are associated with missions with increased power and RF budgets or payloads that require more integration real estate.



Figure 5 shows the antenna types used in the investigated CubeSat missions. We can see that monopole and dipole antennas were widely used as the primary uplink or downlink band, which normally operate at a VHF or UHF. Patch antennas operating on the S-band or L-band were the second most popular antenna type since they have a low profile, are lightweight, and usually do not require any deployment mechanism. In addition, patch antennas can provide a considerable gain improvement over monopoles and dipoles. For that reason, monopoles or dipoles and patch antennas are usually used in the same mission, where the monopole or dipole is used for low-data rate telemetry functions and the patch antennas can be used for higher data rate communications. A helical antenna is another antenna candidate that has been used in CubeSat missions. They can provide a medium directive pattern and can be easily stowed and deployed in a similar way to monopole and dipole antennas. If higher gain and high-speed downlinks are required, a higher frequency must be used (e.g., X-band, Ku-band, or Ka-band), combined with antenna arrays such as microstrip patch arrays, reflectarrays, or meshed reflectors. In more recent missions, phased arrays operating at the Ka-band have been used, where the antenna beam can be steered electronically to realize intersatellite links or accommodate varying traffic as in the case of IoT missions. Horn or guided wave antennas have also been used in CubeSat missions, operating at the Ka-band and W-band to realize high-speed downlinks and push the current CubeSat communication capabilities to their limits. Last but not least, X-band reflectarray antennas have been used in MARS CubeSat missions launched by NASA, proving that CubeSats can be used as a cost-effective way to explore different planets.



As shown in Figure 6, the most commonly used frequency band among the CubeSat missions is UHF and the combination of UHF with VHF, L-band, X-band, Ku-band, or Ka-band. Reagrdless of the mission objectives, the UHF band is mostly found in CubeSat missions, even as the primary downlink or as the backup secondary radio frequency. Moreover, S-band has also been widely used either by itself or combined with higher frequencies such as X-band or Ku-band. There are very few CubeSats that employ only the VHF, L, Ka- or W-band. This highlights the importrance of using various frequency bands in a single CubeSat mission to satisfy the variety of the mission’s requirements.



Lastly, it would be interesting to observe when each antenna type apeared in CubeSat missions through the years, starting from 2003 amd leading up to 2022. Initially, around 2003, monopole and dipole antennas were solely used in CubeSat missions due to their simplicity of design, low cost, and ease of deployment. As we move forward to 2005–2011, patch antennas made their appearance in the CubeSat community. Around 2012, meshed reflector antennas started emerging in CubeSat missions, while during 2014 and 2015, helical and reflectarray antennas were adopted. In 2017 and 2018, CubeSat missions were equiped with antenna arrays, followed by phased arrays during 2018 and 2019. Finally, during the last 3 years, horn and guided wave antennas appeared in CubeSat missions. It is important to note that once a specific antenna type appeared at a point in time, it was being used for the upcoming years as well. For example, during the last 3 years, a combination of antenna types can be found in a single CubeSat mission, which was not the case before 2011. Through the years, the complexity of CubeSat missions has increased. Therefore, the CubeSat capabilities must increase accordingly to meet the mission requirments. This is reflected in the variety of antenna types and frequency bands used by recent CubeSat missions. More advanced missions require higher data rates, higher gains, and reduced antenna sizes while keeping the satellite power budget as low as possible. As a result, from Table 5 we can draw the following conclusion: The evolution of CubeSat antennas is dictated by the requirements and complexity of the missions.





4. Single-Element CubeSat Antenna Designs


Single-element antennas vary from monopole and dipole antennas to planar, conical, and helical antennas, as well as guided wave structures like the bull’s eye antenna and metasurfaces. They are easier to construct than the antenna arrays but do not achieve such a high radiation performance compared with the antenna arrays. In 2001, monopole and dipole antennas were initially chosen and used for the communication subsystem of the CubeSat [142]. As research on CubeSats communication systems drew more scientific interest, more complex antennas were introduced. Figure 7 presents four popular antenna types after deployment on a 3U CubeSat.



4.1. Monopole and Dipole Antennas


CubeSats operating at low frequencies such as VHF or UHF are equipped with wire antennas. In most cases, a wire antenna needs to be deployed after a CubeSat is launched into space. Deployment usually involves a composite tape spring [143,144,145]. In addition, wire antennas in dual-band operation can be used to transmit and receive data at the same time, similar to the 3 λ/4 dual band monopole antenna in [146]. Instead of simply employing the monopole antenna in the form of a straight wire, the authors in [147] proposed a design for a monopole G-shaped antenna that is mounted on a CubeSat. It consists of two rectangular wire loops. The size of the antenna was smaller than the size of the CubeSat’s surface, so it could be mounted and stowed within the CubeSat body and did not need a deployment mechanism. Three structures were available based on three different frequencies of 150 MHz, 180 MHz, and 330 MHz. In [94], the authors proposed four monopoles, which were combined to form a circular polarized isotropic antenna that established communication at the initial stages of CubeSat deployment. Similar to the monopole antenna, in many instances, the length of dipole antenna is a restriction for CubeSat missions to be solved. For example, in [143], a deployable dipole antenna using a curved, bi-stable composite tape spring was outlined. The dipole antenna operated at 250 MHz, and its total length was 55.88 cm, around five times larger than a CubeSat’s edge.



In some designs, monopole and dipole antennas can also be combined and used together to achieve the goals of a mission. In 2002, one of the first CubeSats, namely “XI-IV”, was launched and presented, where a 56-cm monopole antenna was used for the uplink at 144 MHz and placed vertical to a 35-cm (tip to tip) dipole antenna used for downlink communication (telemetry and beacon) at 430 MHz. Crucial health data were broadcasted constantly via a beacon signal at 430 MHz [142]. The authors in [148] proposed a combined VHF/UHF (144/435 MHz) system. Both a dual-band dipole as well as a dual-band monopole were presented with the monopole configuration, acting as a fallback solution. An LC circuit was used as a notch filter in the UHF band to decide whether the dipole or monopole configuration was to be activated. Moreover, the authors in [149] presented a communication system consisting of an S-band transmitter along with a UHF dipole as a backup transmitter. The downlink operated at 437 MHz and the uplink at 145 MHz, and these were implemented using a VHF monopole antenna. A dual-band folded-end dipole antenna was proposed in [150] for plastic CubeSats. The folded dipole does not require any deployment mechanism as it has a low profile and wraps around the CubeSat’s body. The dipole operates at 2.5 and 4.7 GHz and is fed by a microstrip line, which is placed inside the CubeSat’s body. The proposed antenna achieved one of the highest gains that could be found on wire antennas of 7.55 and 4.9 dBi at 4.7 and 2.5 GHz, respectively. Table 6 summarizes the findings related to monopole and dipole CubeSat antennas.




4.2. Planar Antennas


One of the main objectives of wireless communications and especially satellite communications is to use multiband or wideband low-profile antennas [151]. Patch antennas are good alternatives to wire antennas, as they have a low profile, do not require a deployment mechanism, are easy to fabricate, and have relatively low costs. Patch antennas are ideal for S-band communication, which is one of the international amateur satellite frequency ranges for high bit rates. They are characterized by higher gain than the wire antennas but suffer from narrow bandwidths. An interesting use of patch antennas can be found in [152]. A standard patch antenna was used as a feed for a parabolic reflector placed inside an inflatable volume. The patch antenna had dimensions of 9 cm × 9 cm, which complied with the CubeSat standards, and its gain was 8 dBi at 2.4 GHz. By adding the parabolic reflector, the antenna gain was increased to 16 dBi at 2.4 GHz. The authors showed that a patch antenna can be used as a feed to a parabolic reflector instead of the traditional choice of a horn feed.



Another novel patch antenna design is proposed in [153], where an F-shaped patch antenna was under investigation. The results show that the patch antenna could achieve a gain of 8.5 dBi at 2.45 GHz. Furthermore, in [154] a dual-feed, L/S dual-band-stack patch antenna design is presented. This antenna operated in the L-band at 1.57 GHz for receiving the position signals from GPS satellites and in the S-band at 2.2 GHz for downlink transmission to the ground station. Even though the antenna consisted of 3 layers, it weighed less than 120 g and maintained a low profile of 11 mm, which conforms to the CubeSat standards. A Koch curve microstrip fractal antenna was presented which efficiently utilized the available space by maintaining a wide bandwidth [155]. The antenna was attached on a FR-4 substrate with dimensions of 3.5 cm × 4.5 cm and had an operating frequency range from 2.25 GHz to 2.45 GHz. The planar antennas that have been proposed for CubeSats are shown in Table 7.




4.3. Antenna Integrated with Solar Panels


Solar panels represent the main source of power for a CubeSat, and thus it is important to reserve available space for their installation on the satellite’s body. On the other hand, the antenna is another subsystem of the CubeSat that requires instalment space and is also of great importance when it comes to mission success in terms of communication. Consequently, integrating antennas with solar panels was proven to be a very efficient approach to using a CubeSat’s available space while at the same time avoiding the requirement of a deployment mechanism [161]. An integrated solar panel-antenna system must keep the received solar energy loss to low levels. Four types of integration between solar panels and antennas are presented in [162]:




	
Place patch antennas under the solar cells;



	
Create slot antennas and deposit solar cells directly on top of them [161];



	
Place transparent antennas directly on top of solar cells [161];



	
Integrate transparent antennas on solar cells [163].








Thus, solar cells with patch antennas and slot antennas where the transparency is kept high are two possible solutions for space missions.



In Table 8, examples of meshed patch antennas on a transparent borosilicate glass substrate suitable for integration with solar panels are presented as in [164]. A meshed patch antenna is similar to a microstrip patch antenna, but instead of continuous solid patch shapes, some metallic areas are removed to form a mesh. Along similar lines, the design philosophy of slot antennas takes advantage of the gaps between solar cells by creating radiating cavity-backed slots in these gaps. A slot antenna integrated with solar cells is proposed in [165], where a closed-loop meander-shaped slot antenna is wrapped around the top and bottom halves (1.5U) of a 3U CubeSat for the downlink and uplink, respectively. The way the slot antenna is wrapped around the chassis allows effective installment for solar cells. Finally, another cavity-baked slot antenna design can be found in [166]. The design can switch between left-handed circular polarization (LHCP) and right-handed circular polarization (RHCP) by changing the on and off states of the installed PIN diodes.




4.4. Conical Spiral Helix Antenna


Conical spiral and helix antennas can easily change from a 2D structure while stowed to a 3D structure during deployment. When compressing the conical spiral into a panel, it is possible to mount the antenna on one of the CubeSat’s surfaces. Once the CubeSat is launched into space, the conical spiral antenna can be easily released and flick up to its functional 3D shape. The challenges for this kind of antenna are usually related to feeding mechanisms. Designers need to avoid any impedance mismatch and provide a stable deployable mechanism. Furthermore, feeding from the top or bottom of the conical spiral shows different radiation performance. The maximum gain direction of this kind of antenna is from the smallest element to the biggest one. As shown in Table 9, in [170], a deployable helical UHF antenna is presented. The antenna can be stowed in a 10 cm × 10 cm × 5 cm package, and when deployed, it can reach up to 137.16 cm in length and 35 cm in diameter. A 5-turn helix contributes to a gain of 10 dBi, while a 2-turn taper helps to improve the axial ratio to less than 2 dB. The conductive element of the antenna is made of copper adhesive tape. Another design that employs a similar deployment concept is described in [171].




4.5. Other Antenna Designs


As shown in Table 10, the “bull’s eye” antenna, as demonstrated in [175], has grooves in the shape of a bullseye. It is useful for inter-CubeSat communications, and it is possible to be employed and used for a CubeSat swarm. In addition, it also has a low profile and high gain. Another special design presented in [176] is that of a dual-band cylindrical dielectric resonator antenna (DRA). In general, a DRA presents some interesting features, such as a small size, wide bandwidth, high radiation efficiency, and low loss, making them a good alternative for CubeSat integration. The proposed DRA utilizes a microstrip line as a feed and a rotated plus-shaped slot placed on an FR4 epoxy sheet to excite the cylindrical dielectric resonator. The resonator has a height of 5 mm and a diameter of 10 mm. The modes of operation of the resonator determine the resonant frequency of the antenna, which in this case is at 7.7 GHz and at 11.4 GHz. The simulated and measured results of this design verify the feasibility of using DRAs for CubeSat missions. The authors of [177] presented a novel S-band antenna design that provides good radiation performance and occupies a small area on a CubeSat. The antenna consists of 4 balanced inductive exciters (BIEs) placed at the top surface of a 1U CubeSat. The main idea is to transform the 1U CubeSat platform into an efficient radiator by employing characteristic mode analysis. The proposed antenna has the capability to steer the radiation beam at both principle planes as well as the capability of changing its polarization between CP and LP. Recently, metasurface antennas have been considered for deep space CubeSat missions [178]. More specifically, a metal-only modulated metasurface antenna excited by surface waves from a circular waveguide was proposed. The antenna operates at 32 GHz and achieves a gain of 24.4 dBi without needing a deployment mechanism.




4.6. Recommendation for Single-Element Antennas and CubeSat Missions


To summarize from the previous section, most of the current existing CubeSats employed single-element antennas. Dipole, monopole, and patch antennas are widely chosen as they are easy to design and deploy. The deployment mechanisms of whip antennas have been successfully implemented on many CubeSat missions. It is recommended to operate whip antennas at a lower frequency band such as UHF or VHF, as their wide signal coverage enables tracking and telemetry on these bands. However, considering the lengths of whip antennas might be too long, a CubeSat mission can deploy multiple dipole or monopole antennas to avoid complex deployment issues. Whip antennas operating on frequencies higher than S-band will have lengths several times smaller than those operating at UHF and VHF. An interesting alternative is to utilize the CubeSat body as an efficient radiator, which may provide beam steering and polarization agility benefits. More challenging applications of CubeSats where the data rates are considerably higher than 9.6 kbps require the use of higher frequency bands, such as L-, S-, Ka-, or V-band. In these cases, more sophisticated antenna structures are needed, such as the metasurface or bull’s eye antenna.



The higher potential of single-element antennas is still being explored, and many new structures other than patch and whip antennas have been developed for several CubeSat missions. However, they all aim at optimizing the antenna characteristics within the available space and weight limitations. In other words, the design of single-element antennas becomes a task of balancing the antenna performance and the limitations imposed by the CubeSat standard. Thus, flexible materials for supporting the deployment mechanism need to be investigated for specific antenna designs. A typical example is a design of membrane antennas [179] that employs a foldable membrane plated with conductors.





5. Antenna Arrays for CubeSat


There are two ways to increase the directivity and gain of an antenna. The first approach involves increasing the electrical size of the antenna, and the second approach involves combining single elements under a specific geometrical configuration. It is obvious that the first approach is more impractical for CubeSat-specific applications, as the available area is limited by the CubeSat size standards. The second approach is commonly referred to as antenna arrays and represents a strong candidate for CubeSat missions when a high gain and beam steering are required. Antenna arrays can be classified according to the spacing between the elements, the excitation phase, and the amplitude of each element, as well as the radiation pattern of each element [180]. The most common implementations of antenna arrays are the linear and two-dimensional planar arrays.



A subcategory of planar arrays is called phased arrays, which are characterized by their electronic beam scanning and the beam forming capabilities. This can be accomplished by electronically controlling the phase and amplitude at the element or subarray level. In practice, varying the phase differences and excitations of each element in an array is often achieved by phase shifters and power amplifiers. Phase shifters assign complex weights to each element, and the output signal from an array is the combination of signals from each element multiplied by their complex weights. When choosing a phase shifter, the distortion caused by group delay, inter-element interference, as well as beam squinting needs to be taken into consideration. Other effects on array performance related to phase shifters are caused by the insertion loss envelope and phase accuracy [181]. Furthermore, the operation point of the power amplifiers may influence the bit error rate (BER), considering the modulation type and the number of carriers. Therefore, the receiver array employs a low-noise amplifier, while the transmit array employs a linear power amplifier. Finally, phase array antennas offer one of the most versatile and powerful antenna candidates for CubeSat missions when beam steering or beamforming capabilities are required. Despite their attractive features, phased arrays present high power consumption, which must be taken into account in the CubeSat power budget calculations [182].



To date, most CubeSat missions have employed standard antenna designs such as wire and patch antennas (see Table 4). The dimensions and the geometry of single-element antennas impose limitations related to gain, directivity, and beam steering capability, resulting in a limited attainable data rate as well as restricted mission capabilities. For example, in IoT CubeSat missions, there are thousands of Earth terminals to which the CubeSat constellation should establish reliable links. In addition, the CubeSat swarm can form a distributed array, which can compensate for any gain variations or satellite orientation errors [183]. In such cases, antenna arrays or phased arrays are promising CubeSat antenna candidates. A collection of antenna array designs suitable for CubeSat missions is discussed in the following sections.



5.1. Linear Arrays for CubeSats


A sophisticated Yagi-Uda antenna for CubeSat attached to the eXtendable Solar Array System (XSAS) can be found in [184]. Given that the typical dipole configuration results in a gain of around 5 dBi, the authors tried to achieve a high gain with a 6-element Yagi-Uda antenna array incorporated into the deployable solar panels. The design comprises one reflector, one driven element, and four directors. Experiments showed that the length and spacing of the directors were critical for maximizing the gain of the antenna. The proposed antenna, when deployed, reaches 1.2 m in length, being attached to the 30° tilted solar panels. As shown in Table 11, at a 435-MHz operating frequency, the gain obtained was 11.5 dBi, exhibiting superior performance compared with the 5-dBi gain of a dipole configuration. Achieving a higher gain in satellite antennas would also allow for higher altitude deployment of the small satellites, relieving them from suffering high atmospheric drag.



In addition, a quad monopole antenna array was proposed with a communication system consisting of a UHF transceiver, RF splitter, and a quad four-monople antenna array. The RF splits the RF signal into a phasing network to form a single circular polarized antenna. The gain of the antenna array was 2 dBi at 436 MHz. LituanicaSAT-2 is part of the QB50 mission which in 2017 launched a 36-CubeSat swarm to explore the temporal and spatial distributions of the parameters measured in the thermosphere [185]. In [186], a W-band, 16 × 32 element, circular, polarized, phased antenna array on a single layer was presented. The antenna operated at 85 GHz with 30 dBic. The antenna also achieved beam scanning of +/−30° using a 4-bit phase shifter at the cost of rapid gain drops, especially in the range from −30° to −10°. Overall, the antenna efficiency was more than 56% for the investigated scanning range. A printed Yagi antenna with multi-frequency operation was proposed in [187]. This Yagi antenna has four printed elements and an integrated balun. Moreover, by adjusting the angle between the antenna and the CubeSat, the antenna can operate at different L- and S-band frequencies and achieve beam steering.




5.2. Planar Arrays for CubeSats


First of all, it is important to note that when incorporating an antenna array on a CubeSat, a major limiting factor will be the available surface. This factor limits the operating frequency range, as an antenna array requires a wavelength-specific spacing between its elements. Another issue with integrating antenna arrays on CubeSats is the power required for phase shifting techniques [188]. Table 12 lists the performance of planar antenna arrays. The design in [188] is an active phased planar array that complies with the CubeSat size standards. As the design was tested in the anechoic chamber, it was found that it could deliver a 5-dBi average gain at 2.5 GHz, and it might be possible to expand the design to a 16-element deployable antenna array able to produce a gain of 11 dBi on a 2U CubeSat. In [189], a reconfigurable S-band patch antenna was proposed as an improvement to the previous work performed in [190]. The antenna consists of four rectangular patches which can generate three different radiation patterns as well as three different polarisations when excited in different ways, in terms of the excitation phase.



Another design relevant to planar phased arrays on CubeSats can be found in [38]. In this design, the antenna array is aimed at inter-CubeSat communications and can enable beam scanning, as the antenna’s beam can be steered up to 40°. The array consists of several subarrays. Each subarray contains 4 patches and has a size of 30 mm × 30 mm. At a frequency of 5.8 GHz, the subarray has a gain of 5.1 dBi, while the complete array achieves a gain around 5.8 dBi. This planar phased array is placed on one of the 1U CubeSat surfaces, and all of its subarrays share the same substrate panel and are designed under the same frequency. Furthermore, another planar array design compatible with CubeSats is presented at [191]. More specifically, a 2 × 2 antenna array is proposed, utilizing annular patches as the elements which are connected with strips to a ring resonator functioning as a feeding network. The array presents circular polarization at 8.25 GHz with a gain of 13 dBi, in contrast to a single annular patch where the gain is only 7 dBi.



Moreover, in [192], a 4 × 4 planar antenna array design is proposed as a feed for parabolic reflector antennas for satellite remote sensing applications and especially the global water cycle that affects the Earth’s climate. The design has dimensions of 8.7 cm × 7.2 cm and can fit onto one of the CubeSat surfaces. The proposed array is characterized by dual frequencies at 14 GHz and 35 GHz and dual linear polarization, namely vertical and horizontal. The design utilizes the concept of aperture-coupled patch antennas. It is important to note that for lower coupling and lower undesired radiation, a thin substrate with a high dielectric constant is used for the feed network (RT/Duroid 6010). On the other hand, a thick substrate with a low dielectric constant (RO4003C) is used for the antennas, as this allows for a larger bandwidth. The design has three layers, where the 35-GHz array lies inside the empty space of a 2 × 2 14 GHz subarray. This eliminates the need for independent substrates for the different arrays. Furthermore, a 36-element RHCP patch antenna array that operates at 10.4 GHz was proposed in [193]. The array has a size of 0.9 cm × 0.9 cm and can be mounted on any 1U CubeSat surface without the need for any deployment mechanism. The array achieves a high gain of 20.1 dBi at 10.4 GHz with a low side lobe level of −14 dB while keeping the cross-polarized LHCP radiation at −18 dB.




5.3. Reflectarrays, Reflectors, and Transmitarrays for CubeSats


Deployable reflectors and reflectarrays are some of the most popular solutions for satellite missions requiring high gain in high-frequency bands. However, the option of employing deployable reflector-based antennas for CubeSat applications is still under investigation, and some novel concepts such as foldable reflectarrays, transmitarrays, and mesh deployable antennas have been proposed to solve the problems such as scaling and deployable mechanisms. As shown in Table 13, the reflectarray described in [194] consists of three flat rectangular panels that will deploy perpendicular to the side of feeding bus. They are stacked on one side of the CubeSat before flipping out, which brings design challenges when considering the thickness of the substrate. Their deployment mechanism is controlled by simple spring-loaded hinges. Reflectarrays are usually lightweight and inexpensive, but they are characterized by narrow bandwidths. A novel concept for deployable mesh reflector antennas was first proposed in [195]. The folded size of the mesh reflector can be stored in a 1.5U volume satellite body, and its functional dimension can support a 6U class CubeSat. Its physical function is similar, with an umbrella that deploys as a parabolic reflector. Compared with reflectarrays, this design can provide a higher gain and larger bandwidth but also has a larger stowage volume.



There are some designs where a reflectarray is combined with a solar array. In [101], the Integrated Solar Array and Reflectarray Antenna (ISARA) is presented as a deployable antenna operating on the Ka-band which is compatible with a 3U CubeSat and can be used for radar applications in space. Radars applications on CubeSats require a satisfactory SNR performance and have their power limited to a few watts. Thus, the antenna gain should not be lower than 35 dBi. The design consists of three 33.9 cm × 8.26 cm reflectarray panels and a microstrip feed. More specifically, square reflectarray patches are printed on a 15-mil substrate (εr = 3.00) underneath the solar panels, while the feed is composed of a 4 × 4 element microstrip patch array facing the bottom surface solar arrays at a distance of 14.67 cm. A major advantage of the ISARA against other deployable mesh reflectors or inflatable reflector antennas is that it does not occupy any payload space and is extremely lightweight. The ISARA mission was at Technological Readiness Level (TRL) 5, and it flew for 5 months to reach TRL 7.



Following the ISARA mission, the same reflectarray antenna concept was utilized in the first CubeSat mission to Mars, which was called Mars Cube One (MarCo) [196]. The CubeSats in this mission would be used as a twin communication relay for the InSight mission. More specifically, during the entry descent and landing (EDL) phase, InSight would transmit spacecraft status data at a UHF band. Each MarCo CubeSat would receive this data using a circular polarized loop antenna, and then each CubeSat would transmit at an X-band link to a 70-m Deep Space Network antenna at a distance of 160 million kilometers. The downlink antenna design was modified from the one used in the ISARA mission. First, the antenna has a small stowage volume of 0.1U, and the deployment mechanism utilizes hinges for the reflectarray and a flip-out feed. The design consists of three 19.9 cm × 33.5 cm × 1.25 cm reflectarray panels and a 4 × 2 element microstrip patch feed. The reflectarray panels are designed on a Rogers RO4003 woven glass-reinforced hydrocarbon ceramic material with a thickness of 0.812 mm and a constant of εr = 3.55, while the spacing of the elements is 1.168 cm and 1.189 cm in the x and y directions, respectively. The spacing of the patches and the thickness of the substrate were chosen to provide a sufficient bandwidth [197]. The MarCO 6U CubeSats demonstrated the suitability of CubeSats for deep space missions and also the importance of high-gain antennas and folded panel reflectarrays for high-data rate communications.



Another reflectarray design suitable for a 6U CubeSat can be found on [196]. The design consists of 15 reflectarray deployable panels forming an array of 255 × 212 elements that are 81.8 cm × 98.4 cm in size, a feed horn, 3 telescoping waveguides, a rectangular hyperboloid subreflector, a rectangular-to-circular waveguide, and 3 struts to align the subreflector with respect to the feed. The simulated gain was found to be 48 dBi at 35.75 GHZ with an aperture efficiency of 44%. Along similar lines, a Large-Area Deployable Reflectarray (LADeR) concept was proposed by the authors of [198]. In this design, the array elements are etched on a polyimide sheet which is supported by a flexible substrate made of a quartz-epoxy composite. The reflectarray, when stowed, occupies 4U, and when deployed, it has a surface area of 1.5 m × 1.5 m, which provides a high X-band gain of 39.6 dBi. The proposed LADeR concept can be used in future deep space missions or to establish high-speed downlinks. A similar concept to reflectarrays is transmitarray antennas, where the transmission characteristics of the impinging wave are studied. A circular polarized transmitarray was proposed for CubeSat inter-satellite links in [199]. The transmitarray is fed by an offset, 3-D printed, corrugated CP horn, which would be placed and deployed from the side of the 3U CubeSat. A transmitarray utilizes the variable rotation technique to provide the desired phase shift and collimate the beam toward the direction     φ , θ   =    0 °  , −   20  °     . The array achieves an LHCP gain of 31.6 dBi at 24.6 GHz and a 1-dB gain bandwidth of 5.7%.





[image: Table] 





Table 13. Performance of reflectors, reflectarrays, and transmitarrays.
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	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(MHz)
	Deployable





	Reflectarray

[194]
	26G

8.425
	33.5

>28
	>100

>100
	Yes

Yes



	Mesh Reflector

[195,200]
	35.75
	42.6
	N/A
	Yes



	Integrated Solar Array and Reflectarray

[101]
	36
	33.5
	>100
	Yes



	MarCO

[196]
	8.425
	29.2
	50
	Yes



	Cassegrain Reflectarray

[196]
	35.75
	48
	N/A
	Yes



	LADeR Reflectarray

[198]
	8.4
	39.6
	N/A
	Yes



	Transmitarray

[199]
	24.6
	31.6
	N/A
	Yes









5.4. Log-Periodic Crossed-Dipole Arrays


Dipoles and wire antennas have been two of the most popular designs used in CubeSats. A disadvantage of employing dipole antennas is the fact that they do not exhibit circular polarization unless crossed together, which makes the antenna more flexible in terms of capturing electromagnetic waves and also more insensitive to signal degradation due to harsh weather conditions. Thus, in [201], a log-periodic crossed-dipole array was proposed. This design could be a major candidate for CubeSat space communications due to its directive radiation pattern, high gain, and wide bandwidth. The antenna is fabricated using a curved composite bi-stable tape spring, which will allow for a very compact and small stowed volume as well as a simple deployment roll-unroll mechanism. Moreover, each dipole element should be crossed with one another while the differences between the dipole pair lengths are calculated on a log-periodic scale. Finally, the multiband operation of the antenna elements results in an antenna array with wideband operation.




5.5. Slotted Waveguide Antenna Arrays


An antenna design that can be used as a synthetic-aperture radar (SAR) for remote sensing applications can be found in [202]. More specifically, a low profile, high efficiency, and high-power capacity parallel plate slotted waveguide antenna array design is proposed. First of all, the radiating slots are located on the wall of a waveguide. The antenna system consists of two layers. The first layer is an RF feeder panel, and the second is an aluminium parallel plate with a slotted array. There are six square antenna panels that can be folded into three adjacent CubeSat surfaces and be deployed as a large rectangular panel. Each single panel weighs around 1 kg, has dimensions of 0.7 m × 0.7 m, and has multiple coupling slots that are not parallel to each other. The antenna array when deployed is 4.9 m in length, and it can achieve a gain of 34.9 dBic at 9.56 GHz. To summarize, the proposed design is suitable for small satellite applications, but improvements can be made for reducing the system loss and weight due to its complex structure.




5.6. Inflatable Antenna Arrays


Inflatable antennas can realize CubeSat interplanetary missions as they can increase the achievable data rate as well as the antenna gain [152]. The use of inflatable antennas as cooperative communication techniques to form antenna arrays is investigated in [203]. Such arrays could be used to relay information from different places in the solar system, enabling CubeSat missions in geostationary orbit (GEO). The technique of forming a beam from several inflatable antennas installed on different CubeSats is investigated. The gain of the array with n inflatable antennas is increased by a factor of n2 minus the losses of the system. The gain of the array is also increased by increasing the diameter of the individual inflatable antennas constituting the array. On the other hand, when employing the beam forming technique, atomic clocks on each CubeSat may be required to synchronize the transmission and the inter-satellite communication.




5.7. Retrodirective or Self-Steering Antenna Arrays


CubeSat is an emerging and rapid-growing technology that might replace conventional big satellites. Several CubeSat missions involve the deployment of CubeSat swarms which can overcome the capabilities and functionalities of larger satellites. To accomplish this, an efficient crosslink is required for inter-CubeSat communication. An interesting solution to this can be given by employing retrodirective arrays (RDAs) which make the CubeSat network dynamically reconfigurable [204]. An RDA can be considered an alternative beam-steering antenna design for nanosatellite applications. The potential of a self-steering antenna array application for distributed CubeSat networks is investigated in [205]. A self-steering antenna, also named a retrodirective antenna, can sense and record the direction of the incoming signal and then send an outgoing signal along that same direction. An RDA has the advantage of not requiring prior knowledge of the position of the intended receiver, and the steering is also performed at the hardware level, which eliminates the need for complex digital signal processing. The main challenge that comes with the integration of RDA into CubeSat is the power limitation imposed by the nanosatellite platform. In [204], the design is divided into three modules: the detection of arrival (DOA), the communication array, and the tracking and steering control. First of all, the antenna array consists of 4 patch elements spaced at half-wavelength distances and fabricated on Rogers RT/Duroid 6002 substrate operating at 9.67 GHz for receiving mode and at 9.59 GHz for transmitting mode. The DOA array utilizes the null scanning technique for power detection, and this information is used by the control module to retrodirect a signal back to the interrogator. The overall design is composed by two four-layer PCBs: one for communication purposes and one for power detection. Finally, the 4-element 1-D RDA was designed to fit a 1.5U CubeSat and consumes 1 W of power, which complies to the CubeSat standards.



Moreover, in [206], another RDA design was proposed that eliminates phase shifters. This design consists of a cross-shaped patch array with a total of eight elements printed on a Rogers TMM3 substrate and a quadruple subharmonic mixer utilizing anti-parallel diodes as a mixer. The reason why quadruple subharmonic mixing is used is to achieve phase conjugation. Phase conjugation is a technique used to achieve retrodirectivity without any use of phase shifters, appearing on phased antenna arrays, as well as to relax the requirement of a high-frequency local oscillator (LO). The retrodirective array operates at 10.5 GHz, and the array spacing is at 1.38 cm, demonstrating circular polarization and two-dimensional steering [207].




5.8. Interferometer (Large Antenna Arrays)


The research about antenna array technology in the Deep Space Network (DSN) has been being undertaken by NASA since the 1960s [208]. The antenna array for deep space consists of elements located in different positions far away from each other forming a very large antenna aperture. Generally, a large antenna array plays the role of the receiver that receives the signals from a deep space source. By combining the signals received by each element according to their coherence and incoherence among the noise signal, a high SNR can be achieved. As a result, by improving the SNR of the receiver, the deep space network could support an increased data load with higher efficiency.



Compared with an antenna array installed in a single CubeSat, as mentioned in previous sections, this large antenna array is formed by combining many CubeSats located in different locations. This may introduce synchronization problems, as each CubeSat runs on a different clock. Therefore, when performing signal synthesis, it is necessary to solve the problems of phase correlation, time synchronization, and delay compensation. An example of a CubeSat swarm network was realized in the QB50 project, a collaboration among 50 different multi-national partners. The resulting cooperative QB50 CubeSat network is envisaged to have a higher degree of functionalities than conventional satellites. Another example of an interferometer antenna array is the Very Large Array (VLA) located in New Mexico in the United States [209]. It consists of 27 steerable antennas forming a 3-arm array in the shape of the letter “Y”. The largest distance between antenna elements to the center of the “Y” is up to 21 km. A various range of operating bandwidths is available in this large receiving system from 50 MHz to 97 kHz.




5.9. Arraying Techniques and Correlation Algorithms


There are five basic arraying techniques, namely full-spectrum combining (FSC), complex-symbol combining (CSC), symbol-stream combining (SSC), baseband combining (BC), and carrier arraying (CA). Among these techniques, FSC can achieve an optimized remote sensing performance [210]. It can be used in the case of a weak carrier signal that is hard to track with a single antenna. The gross signal delay and phase offset between antennas are adjusted before signal combination from geometry calculations. The residual relative delay and phase can be estimated from the signal cross-correlation of each individual antenna.



There are several correlation algorithms that can be employed in antenna arrays. The Eigen algorithm can maximize the SNR from complex weights, but the computational complexity is proportional to the number of antennas squared [211]. Furthermore, there is the SUMPLE algorithm that can be applied to weak signals through the cross-correlation of each antenna element. The number of iterations of SUMPLE is proportional to the number of antennas [212]. To decrease the combining loss introduced in SUMPLE, a matrix-free (MF) algorithm can be used [213]. Based on the SUMPLE and MF algorithms, a new method named the variable step size matrix-free power (SVS-MF) method was proposed by the National Laboratory of Science and Technology on Antennas and Microwaves at Xidian University [214]. Aside from using the cross-correlation of each antenna, this method computes the variance of weights and updates data for each iteration, thus achieving a low combining loss for very weak signals with a high convergence rate. To conclude, a high-performance correlation algorithm is equally significant to the geometry and aperture of the antenna array for a successful deep space CubeSat swarm. Based on the existing algorithms, improvements could be made in terms of reducing the computational complexity and further improving the SNR at the receiver.




5.10. Recommendations for Antenna Arrays


As CubeSat applications are becoming more popular, CubeSat mission communication requirements are becoming more demanding. Researchers and developers around the world design CubeSats with increased capabilities in terms of achievable data rate, gain, and bandwidth. To meet such requirements, the migration from single-element antennas to antenna arrays for CubeSats is imminent. Antenna arrays are an effective way to increase the gain of single-element antennas by combining single antennas under a specific geometrical configuration. The integration of antenna arrays on the CubeSat platform can be approached using two different methods. In the first method, an antenna array along with a corresponding deployment mechanism is installed on a single CubeSat, while in the second method, many CubeSats, namely a swarm, are required to form the overall antenna array, where each satellite has a single-element antenna installed on it.



To date, most CubeSat missions employ single-element antennas for their communication. Missions that utilize antenna arrays are few, as the integration of antenna arrays on the CubeSat platform is still under research. The reason for this is that antenna arrays might require a complex deployment mechanism as in the case of linear arrays. Furthermore, antenna arrays may require phase shifters for beam steerability, which in turn demands board processing capabilities and an increased power budget. The choice of arraying techniques and correlation algorithms plays a vital role in the effective function of an antenna array. Lastly, when using CubeSat swarms to form an antenna array, clock synchronization between the different CubeSats is of high importance.



Despite the current difficulties of combining CubeSats with antenna arrays, there are many advantages that encourage their use for CubeSat missions. First, CubeSats equipped with a high-gain slotted waveguide antenna array might be used for radar and remote sensing applications such as SAR. Moreover, from the recent NASA mission called MarCo, it can be observed that CubeSats with reflectarrays could be used for deep space applications to relay data between the Earth and the main mission spacecraft. In addition, inflatable antennas installed on several CubeSats in different locations can form an array of inflatable antennas with beam forming capabilities, realizing geostationary Earth orbit or even interplanetary CubeSat missions. Finally, by using retrodirective antenna arrays, effective intersatellite links (ISLs) can be established inside a CubeSat swarm. A swarm equipped with RDAs can even outrun the capabilities of conventional big satellites. The current research on different types of antenna arrays for CubeSats for applications that exceed their current capabilities is of considerable importance. The typical operating frequency of antenna arrays is higher than that of single-element antennas spanning from S-band to W-band. Most of the research is focused on the X- or Ka-band frequency bands by using active phased planar arrays or reflectarrays.





6. Comparison of Single-Element Antennas with Antenna Arrays


6.1. Operating Frequency Bands


When examining the aforementioned antenna designs, we conclude that most of the single-element antennas including whip antennas, patch antennas, helix antennas, and other special antennas are operating on UHF, VHF, or S-band. More specifically, monopole and dipole antennas are more likely to be designed on the UHF and VHF bands, while patch antennas and microstrip antennas usually operate on S-band. Very few antennas such as the bull’s eye antenna might aim for a much larger frequency of up to 60 GHz. On the other hand, for the antenna arrays, a large diversity in operating frequencies can be observed. As presented in Figure 8, although a number of antenna arrays operate on UHF or VHF, most of the investigated designs operate on much higher frequency bands such as X-band, C-band, or Ka-band. As far as the bandwidth is concerned, single-element antennas and antenna arrays can offer a bandwidth within range from 400 kHz to 1.5 GHz and from 50 MHz to 1.7 GHz, respectively, even though there are some antenna designs that turned out to be extremely wideband, with bandwidths as high as 10 GHz. Nonetheless, there is no unique characterization of bandwidths that can be applied to different antennas, as the antenna specifications are highly associated with the operating frequency.




6.2. Gain


Single-element antennas and antenna array designs for CubeSats show different gain characteristics. The use of single-element antennas on a space-restricted platform like the CubeSat greatly limits the mission’s high gain potential. Designs such as monopole, dipole, and planar antennas present a gain between 2–9 dBi. Furthermore, when a deployment mechanism is included in the antenna design, the gain of single-element antennas can be increased. Example designs include conical spiral, helical, and inflatable antennas. In such designs, the antenna size, when deployed, can be much larger than the CubeSat itself, and thus the gain can reach a value of 16 dBi. In addition, the gain can be increased by using antenna arrays. For instance, in the case of reflectarrays, the gain can reach up to 48 dBi, which enables long-distance deep space CubeSat missions. A comparison between the achievable gain of single-element antennas and antenna arrays is illustrated in Figure 9. As expected, the antenna arrays offer higher gain compared with single-element antennas by efficiently combining the radiation patterns of different elements in a desired direction.





7. Conclusions


7.1. Lessons Learned


The mission requirement is the one of the most crucial parameters that a CubeSat designer must consider when deciding upon the type of antenna. Single-element antennas such as monopoles or dipoles can be found in all types of missions as either as the primary or secondary low data rate radios. On the other hand, the gain superiority and beam steering capabilities of arrays renders them suitable for deep space exploration, Earth observation, and communication or IoT missions. That aside, their beam steering ability and flexible radiation patterns make them suitable candidates for CubeSat swarms. In the flowchart in Figure 10, a guide on antenna selection for different CubeSat missions is presented. The antenna designer first chooses the type of mission under development, and then several recommended frequency bands are proposed. The next condition relates to the gain requirements, namely low or high gain, and the operating frequency. Following the gain condition, and considering the cost of the antenna, the designer is given a pool of different antennas from which the desired antenna type can be easily selected. Finally, after selecting a specific antenna type, the designer can refer to the related section of the text in which the selected antenna type is being discussed and analyzed more thoroughly.




7.2. Concluding Remarks


This paper investigated different antenna designs for CubeSat, which are categorized as single-element antennas and antenna arrays. The background on CubeSats and their subsystems was presented to provide newcomers with the fundamental knowledge on CubeSat technologies. Furthermore, the specifications and restrictions posed by the CubeSat platform were analyzed. Following that, 120 CubeSat missions dating from 2003 to 2022 were reviewed, and their antenna specifications and characteristics were extracted and tabulated. In addition, a survey on single-element antennas and antenna array designs was conducted with the aim of capturing the current as well as future CubeSat trends from an antenna point of view.



Single-element antennas can be classified as whip antennas (monopole or dipole), patch antennas, antennas integrated with solar panels, inflatable antennas, conical spiral antennas, helical antennas, and some specially designed antennas. Whip antennas are good candidates for downlink antennas as they are relatively easy and cheap to construct. Monopole and dipole antennas along with a deployment mechanism are popular among current educational and scientific CubeSat missions. On the other hand, planar antennas present a number of advantages against their monopole and dipole counterparts. First of all, they have low profiles, higher gain, and eliminate the need for a deployment mechanism. Planar antennas can be placed on any of the CubeSat’s surfaces and operate mostly on S-band. Moreover, the printed antennas on the solar panels have similar characteristics to patch antennas, but their advantage is that they do not occupy any payload or chassis space. Planar antennas are currently being used in test and demonstration CubeSat missions, which makes them very likely to replace their monopole and dipole counterparts soon. Inflatable, helical, and conical spiral antennas are currently under research, where only the helical antenna was found to be used in a CubeSat mission. Such antenna designs require a deployment mechanism, but they present superior gain characteristics to the whip or the planar antennas, so they are recommended for technology demonstration missions. As far as the antenna arrays are concerned, current research is more focused on reflectarrays, transmitarrays, and planar arrays, as well as different arraying techniques and correlation algorithms. Antenna arrays are more suitable for deep space, communications or the IoT, and Earth observation missions.



From the 120 investigated CubeSat missions, it can be concluded that the interest of the space community lies in new technology demonstration, where the CubeSat serves as a cost-effective way of launching and evaluating experiments and technologies in space. Aside from that, a big portion of CubeSat missions is devoted to educational purposes. This plays an important role in the advent of CubeSat technology in recent years, as CubeSats are now widely designed and built by academic institutions and start-up companies. Exploring the universe and learning more about the composition of the weather in space and on Earth is also another potential use of CubeSats. Finally, the most recent missions have been focused on high-speed communications, the IoT, and 5G from space. These missions will be the main driver for the future development of CubeSat technology for the years to come. It is important to note that most of the IoT and 5G from space missions are based on CubeSat constellations or swarms. In such cases, the tiny form of a CubeSat is not a disadvantage but rather an advantage for scalability. The coordinated function of each CubeSat in the swarm will result in unprecedented capabilities by redefining space missions. All these technological advances would be impossible without tiny, but at the same time mighty, CubeSats.
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Figure 1. Different CubeSat standards. 
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Figure 2. Altitude classifications for geocentric orbits. 
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Figure 3. Popularity of CubeSat mission types from 2003 to 2022. 
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Figure 4. Popular CubeSat sizes used in the 120 CubeSat missions presented in Table 4. 
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Figure 5. Antenna types used in the 120 CubeSat missions presented in Table 4. 
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Figure 6. Frequency bands used in the 120 CubeSat missions presented in Table 4. 
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Figure 7. Popular antenna designs proposed in the literature. (a) Monopole/Dipole; (b) Patch; (c) Meshed Patch and (d) Helical Patch. 
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Figure 8. Operating frequency bands used in antenna arrays. 






Figure 8. Operating frequency bands used in antenna arrays.



[image: Electronics 11 02021 g008]







[image: Electronics 11 02021 g009 550] 





Figure 9. Gain of single-element antennas and antenna arrays used in CubeSats. 
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Figure 10. Antenna selection guide for different CubeSat missions. 
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Table 1. Size and mass of CubeSats.
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	Size
	Dimensions
	Wet Mass





	1U
	10 cm × 10 cm × 10 cm
	1.3 kg



	2U
	10 cm × 10 cm × 20 cm
	2.6 kg



	3U
	10 cm × 10 cm × 30 cm
	3.9 kg



	6U
	10 cm × 20 cm × 30 cm
	7.8 kg



	12U
	10 cm × 10 cm × 60 cm
	15.6 kg
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Table 2. Restrictions imposed by the CubeSat platform on antenna designs [17,39,40,41,42].
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	Restrictions
	Description





	Size and Mass
	Light weight and compact to fit the 10 cm × 10 cm size of a CubeSat surface in the case of 1U (without considering deployment volume).



	Deployment
	Deployment mechanism must be chosen or designed to minimize risk of deployment failure.



	Attitude Control
	Choice between active or passive control systems will determine the antenna pointing accuracy, as well as the choice of fixed or steering beam antenna.



	Frequency Band and Bandwidth
	Set by the mission specifications and allocated by the ITU or FCC.

Dictates the uplink and downlink.



	Loss
	Antenna radiation or aperture efficiency must be higher than 50%.

Antenna must match well with a reflection coefficient less than −10 dB.



	Orbit

(Communication Range)
	Low Earth orbit: 400–2000 km

Inter-satellite: Depends on swarm architecture

Deep space: >2 × 106 km



	Gain
	Choice between low gain (LG), medium gain (MG), or high gain (HG), according to the available RF power budget and orbit.



	Link Budget
	High enough gain to provide the required SNR according to the modulation used.



	Footprint
	Dictate the beam width or the shape of the radiation pattern, as well as the size of the aperture.



	Space Environment and Durability
	Withstand thermal variations from −40 to +85 Celsius. Must pass thermal-vacuum cycling test (TVCT) and vibration test.



	Cost
	Off-the-shelf materials to reduce budget.



	Polarization
	Circular polarization to reduce losses due to polarization mismatch. Satisfy the cross-polarization levels set by the mission specifications.
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Table 3. IEEE standard letter designations for different frequency bands [43].
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	Band Designator
	Dimensions





	HF
	3–30 MHz



	VHF
	30–300 MHz



	UHF
	300–1000 MHz



	L
	1–2 GHz



	S
	2–4 GHz



	Ku
	12–18 GHz



	Ka
	26.5–40 GHz



	V
	40–75 GHz



	W
	75–110 GHz
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Table 4. Collection of CubeSat missions (nonexhaustive).
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	CubeSat Mission Name
	Antenna Type
	Mission Type
	Size
	Frequency Band
	Year





	XI-IV (CO-57)

[44]
	Monopole and Dipole
	Educational
	1U
	VHF/UHF
	2003



	DTUSat-1

[45]
	Monopole and Dipole
	Educational
	1U
	UHF
	2003



	QuakeSat

[30]
	Four Monopoles
	Earth Observation

Technology Demonstration
	3U
	UHF
	2003



	CUTE-1

[46]
	Three Monopoles
	Technology Demonstration
	1U
	UHF
	2003



	Cute-1.7 + APD

[47]
	Dipole
	Technology Demonstration
	2U
	UHF and L-Band
	2003



	XI-V (CO-58)

[44]
	Dipole
	Technology Demonstration
	1U
	UHF
	2005



	NCube

[48]
	Monopole and Patch
	Educational
	1U
	VHF, UHF, and S-Band
	2005



	Cute-1.7 + APD II [49]
	Three Monopoles
	Educational

Technology Demonstration
	2U
	UHF and L-Band
	2006



	CP1

[16,50]
	Dipole
	Scientific
	1U
	UHF
	2006



	GeneSat-1

[51]
	Monopole
	Scientific
	3U
	UHF and S-Band
	2006



	Mea Huaka

[52]
	Monopole
	N/A
	1U
	UHF
	2006



	MEROPE

[53]
	Dipole
	Scientific
	1U
	UHF
	2006



	KUTESat-2

[54]
	Dipoles
	Technology Demonstration
	1U
	UHF and VHF
	2006



	ION

[55]
	Dipole
	Technology Demonstration
	3U
	UHF
	2006



	CP2/CP4

[50,56]
	Dipole
	Technology Demonstration
	1U
	UHF
	2007



	CAPE-1

[57]
	Monopole
	Educational
	1U
	UHF
	2007



	CSTB1

[58]
	Dipole
	Technology Demonstration
	1U
	UHF
	2007



	COMPASS-1

[59]
	Monopole and Dipole
	Earth Observation
	1U
	UHF and VHF
	2008



	CanX-1

[60]
	Monopoles
	Technology Demonstration
	1U
	UHF
	2008



	Delfi-C3

[61]
	Monopole and Dipole
	Educational
	3U
	UHF and VHF
	2008



	CanX-2

[62]
	Monopole and Patch
	Technology Demonstration
	3U
	UHF and S-Band
	2008



	AAU

[63]
	Dipoles
	Technology Demonstration
	1U
	UHF
	2008



	PSSCT

[64,65]
	Patch
	Technology Demonstration
	12.5 cm × 12.5 cm × 25 cm
	UHF
	2008



	SEED-2

[66]
	Monopoles
	Technology Demonstration
	1U
	UHF
	2008



	SwissCube

[67]
	Monopoles
	Scientific
	1U
	UHF
	2009



	BeeSat (Known as DRAGON SAT with AggieSat2) [46]
	Monopoles
	Technology Demonstration
	1U
	UHF
	2009



	CP3/CP6

[50]
	Dipole
	Technology Demonstration
	1U
	UHF
	2009



	HAUSAT-2

[68]
	Dipoles
	Educational
	1U
	UHF
	2009



	ITUpSat-I

[69]
	Four Monopoles
	Technology Demonstration
	1U
	UHF
	2009



	Pharmasat-

[70]
	Patch
	Scientific
	3U
	S-Band
	2009



	AubieSat-1

[71]
	Dipole
	Educational

Technology Demonstration
	1U
	UHF
	2011



	CP5

[50]
	Dipole
	Technology Demonstration
	1U
	UHF
	2011



	Hermes

[72]
	Monopole
	Technology Demonstration
	1U
	UHF and S-Band
	2011



	KySat

[45]
	Three Monopoles
	Educational

Technology Demonstration
	1U
	UHF, VHF, and S-Band
	2011



	M-Cubed

[73]
	Monopole and Dipole
	Educational

Technology Demonstration
	1U
	UHF and VHF
	2011



	E1P-2

[74]
	Monopole
	Scientific
	1U
	UHF
	2011



	AtmoCube

[74]
	Dipole
	Scientific
	1U
	UHF
	2012



	Aeneas

[75]
	Parabolic Meshed Reflector
	Surveillance
	3U
	UHF
	2012



	Goliat

[76]
	Monopole
	Earth Observation
	1U
	UHF and S-Band
	2012



	UNICUBESAT

[77]
	Monopole
	Technology Demonstration
	1U
	UHF
	2012



	PWSat

[78]
	Two Monopoles
	Technology Demonstration
	1U
	UHF
	2012



	XaTcobeo

[79]
	Four Monopoles
	Technology Demonstration
	1U
	UHF
	2012



	e-st@r

[80]
	Dipole
	Educational
	1U
	UHF
	2012



	CAPE-2

[57]
	Monopole
	Educational
	1U
	UHF and VHF
	2013



	CP8(IPEX)

[50,81]
	Monopole
	Technology Demonstration
	1U
	UHF
	2013



	Delfin3Xt

[82]
	Monopole and Patch
	Technology Demonstration
	3U
	UHF, VHF, and S-Band
	2013



	ExoplanetSat

[83]
	Patch
	Technology Demonstration
	3U
	S-Band
	2013



	FireFly

[22]
	Monopole
	Scientific
	3U
	UHF
	2013



	ZACUBE-1

[84]
	Dipole
	Scientific
	1U
	HF
	2013



	MOVE I

[85]
	Dipole
	Educational
	1U
	UHF and VHF
	2013



	UWE-3

[86]
	Monopoles
	Technology Demonstration
	1U
	UHF
	2013



	FunCube

[78]
	Monopoles
	Educational
	1U
	VHF and UHF
	2013



	TJ3Sat

[87]
	Monopoles
	Educational
	1U
	UHF
	2013



	ALL-STAR

[88]
	Cavity-Backed Antenna
	Educational
	3U
	UHF and S-Band
	2014



	CanX-4&5

[89]
	Monopole, Dipole, and Patch
	Technology Demonstration
	1U
	VHF, UHF, and S-Band
	2014



	DTUSat-2

[73]
	Dipole
	Technology Demonstration
	1U
	S-Band and L-Band
	2014



	MicroMAS

[90]
	Parabolic Reflector and Monopole
	Earth Observation
	3U
	UHF
	2014



	OPUSat

[91]
	Monopole
	Technology Demonstration
	1U
	UHF and VHF
	2014



	VELOX-PII

[85]
	Dipole
	Educational
	1U
	UHF and VHF
	2014



	AeroCube-OCSD [44,92]
	Patch
	Technology Demonstration
	1.5U
	UHF
	2015



	Firebird

[93]
	Dipole
	Scientific
	1.5U+1.5U
	UHF and VHF
	2015



	GOMX-3

[94]
	Four Monopoles, Patch, and Helical
	Technology Demonstration
	3U
	UHF, S-Band, and L-Band
	2015



	AggieSat2 (Known as DRAGON

SAT with Bevo-1) [95]
	Dipole and Patch
	Educational

Technology Demonstration
	1U
	S-Band
	2016



	CP10(ExoCube) [50,81]
	Parabolic Reflector
	Scientific
	3U
	UHF
	2016



	OUFTI-1

[94]
	Monopoles
	Educational
	1U
	UHF
	2016



	BEVO-1

[95]
	Dipole and Patch
	Educational

Technology Demonstration
	1U
	S-Band
	2016



	Aalto-I

[96,97]
	Crossed-Dipole and Patch
	Technology Demonstration
	3U
	VHF, UHF, and S-band
	2017



	CXBN-2

[70]
	Quadrature Spring Steel Array
	Technology Demonstration
	2U
	UHF and S-Band
	2017



	EC0 (UNSW-EC0)

[98]
	Monopole
	Education
	2U
	UHF
	2017



	ICECube

[99]
	Dipole and Patch
	Technology Demonstration
	3U
	UHF
	2017



	QBITO

[100]
	Four Monopoles
	Education purpose
	2U
	UHF
	2017



	ISARA

[101]
	Reflectarray Integrated with Solar Panels
	Technology Demonstration Communications
	3U
	UHF and Ka-Band
	2017



	RadSat

[99]
	Monopole
	Technology Demonstration
	3U
	UHF
	2018



	SPATIUM

[102]
	Monopole
	Scientific
	2U
	UHF
	2018



	UWE-4

[103]
	Dipole
	Technology Demonstration
	1U
	UHF
	2018



	CANYCAL-X

[102]
	Patch and Monopole
	Technology Demonstration
	1U+2U
	UHF and S-Band
	2018



	AeroCube-11R3 [104]
	Patch
	Technology Demonstration
	3U
	UHF
	2018



	KNACKSA

[105]
	Two Dipoles
	Technology Demonstration

Earth observation
	1U
	VHF and UHF
	2018



	CHOMPTT

[62]
	Monopole
	Technology Demonstration
	3U
	UHF
	2018



	MarCO

[9]
	Reflectarray, Patch Array, and Loop
	Interplanetary Exploration
	6U
	UHF and X-Band
	2018



	RainCube

[106]
	Parabolic Mesh Reflector
	Earth Observation

Technology Demonstration
	6U
	Ka-Band
	2018



	AzTechSat-1

[107]
	Patch
	Educational
	1U
	UHF and VHF
	2019



	ANGELS

[108]
	Square Array Inverted F
	Technology Demonstration
	12U
	UHF and L-Band
	2019



	ARMADILLO

[51]
	Monopole
	Technology Demonstration
	3U
	UHF
	2019



	EyeSat

[109]
	Patch
	Educational
	3U
	S-Band and X-Band
	2019



	OPS-SAT

[92]
	Dipole
	Technology Demonstration
	3U
	UHF and S-Band and X-Band
	2019



	SORTIE

[103]
	Dipole
	Technology Demonstration
	6U
	UHF
	2019



	Artemis

[110]
	Horn
	Technology Demonstration
	1U
	L-Band and Ku-Band
	2020



	SERB

[111]
	Patch
	Technology Demonstration
	3U
	S-Band
	2020



	Landmapper-BC5

[112]
	Monopole and Horn
	Earth observation
	6U
	UHF and Ka-Band
	2020



	Lemur-2

[113]
	Monopoles and Patch Array
	Earth observation
	3U
	UHF and S-Band
	2020



	Flock

[114]
	N/A
	Earth observation
	3U
	UHF and X-Band
	2020 and 2022



	Kepler

[115]
	Phased Array
	Communications

IoT
	6U
	S-Band and Ku-Band
	2018 and 2020–2022



	TTU100

[116]
	Dipole and Patch Array
	Technology Demonstration

Earth Observation
	1U
	UHF and X-Band
	2020



	NetSat

[117]
	Dipoles
	Technology Demonstration

Educational
	3U
	UHF
	2020



	TRISAT

[118]
	Patch and Dipoles
	Technology Demonstration
	3U
	UHF and S-Band
	2020



	Quetzal
	Dipoles
	Educational
	1U
	UHF
	2020



	OSM1-CICERO

[119]
	Phased Array
	Earth Observation
	6U
	UHF and X-Band
	2020



	PICASSO

[120]
	Patch and Dipoles
	Earth Observation
	3U
	VHF, UHF, and S-Band
	2020



	AMICal Sat

[121]
	Patch and Dipoles
	Demonstration

Earth Observation
	2U
	VHF, UHF, and S-Band
	2020



	Astrocast

[122]
	Patch and Patch Array
	Communications

IoT
	3U
	L-band
	2021



	BEESAT 5–8

[123]
	N/A
	Technology Demonstration
	0.25
	UHF
	2021



	RADCUBE

[124]
	Dipoles
	Scientific
	3U
	UHF
	2021



	ExoCube-2

[125]
	Monopoles
	Scientific
	3U
	UHF
	2021



	Cesium Satellite

[126]
	Active Phased Array
	Technology Demonstration
	6U
	Ka-Band
	2021



	CAS-9

[127]
	Monopole
	Communications
	6U
	VHF and UHF
	2021



	SOMP2b

[128]
	Monopoles
	Communications
	2U
	UHF
	2021



	W-Cube

[129]
	Array of Concentric Ring Antennas (Bull’s Eye)
	Scientific

Technology Demonstration
	3U
	W-Band
	2021



	Centauri

[130]
	Active Phased Array
	Communications

IoT
	6U
	S-Band
	2018, 2021, and 2022



	ELO Alpha

[131]
	Helical, Patch Array, and Dipoles
	Communications

IoT
	3U
	ISM
	2021



	IDEASSat

[132]
	Monopole and Patch
	Technology Demonstration Earth Observation
	3U
	UHF and S-Band
	2021



	KSF1

[133]
	Monopoles, Patch Array, and Helical
	Surveillance
	6U
	VHF and S-Band
	2021



	D2/AtlaCom-1

[134]
	Monopoles and Patch Array
	Educational

Earth Observation
	6U
	UHF and X-Band
	2021



	FORESAIL-1

[135]
	Monopoles
	Scientific

Technology Demonstration
	3U
	UHF
	2022



	IRIS-A

[136]
	Monopoles
	Communications

IoT
	2U
	UHF
	2022



	HYPSO

[137]
	Patch, Monopole, and Dipoles
	Technology Demonstration Earth Observation
	6U
	UHF and S-Band
	2022



	Spark-2

[138]
	Patch and Monopoles
	Communications

IoT (5G)
	12U
	S-Band
	2022



	SanoSat-1

[139]
	Dipole
	Educational
	1U
	UHF
	2022



	Planetum-1

[140]
	Monopole
	Educational
	1U
	UHF
	2022



	SpaceBEE

[141]
	Dipole
	Communications

IoT
	0.25U
	VHF
	2018–2022
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Table 5. The appearance of different antenna types in CubeSat missions from 2003 to 2022.
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	2003
	2005–2011
	2012–2013
	2014–2015
	2016–2017
	2018–2019
	2020–2022





	Monopole and Dipole
	✓
	✓
	✓
	✓
	✓
	✓
	✓



	Patch
	
	✓
	✓
	✓
	✓
	✓
	✓



	Reflector
	
	
	✓
	✓
	✓
	✓
	✓



	Helical
	
	
	
	✓
	✓
	✓
	✓



	Reflectarrays
	
	
	
	✓
	✓
	✓
	✓



	Arrays
	
	
	
	
	✓
	✓
	✓



	Phased Arrays
	
	
	
	
	
	✓
	✓



	Horn
	
	
	
	
	
	
	✓
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Table 6. Performance of monopole and dipole antennas.
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	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB BW

(MHz)
	Deployable





	Monopole and Dipole

[142,148,149]
	0.146 (uplink)

0.438 (downlink)
	2–4
	N/A
	Yes



	G-Shaped Monopole

(3 structures)

[147]
	Structure I: 0.150

Structure II: 0.180

Structure III: 0.330
	3.757

2.671

2.774
	58

77

147
	No



	Dual-Band Folded-End Dipole

[150]
	2.5

4.7
	4.9

7.55
	500

250
	No










[image: Table] 





Table 7. Performance of planar antennas.






Table 7. Performance of planar antennas.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB BW

(MHz)
	Deployable





	Inflatable parabolic reflector with patch feed [152]
	2.4
	16
	N/A
	Yes



	F-shaped patch [153]
	2.45
	8
	1200
	No



	Dual-feed, L/S dual-band stack patch [154]
	1.57

2.2
	5.4

6
	N/A
	No



	Koch curve fractal microstrip

[155]
	2.3
	4.18
	290
	No



	Shorted patch

[156]
	2.45
	2.52
	550
	No



	Metal only patch

[157]
	2.45
	8.5
	1100
	No



	Tapered line feeder patch

[158]
	2.46
	9.6
	Narrow
	No



	V-shaped asymmetrical slits

[159]
	2.285
	6
	0.4
	No



	Tapered peripheral slits

[160]
	0.436
	0.7–1.4
	4
	No



	L-band patch with frequency tuning slots [94]
	1.54
	5.5
	40
	No
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Table 8. Performance of meshed planar antennas.






Table 8. Performance of meshed planar antennas.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(MHz)
	Deployable





	Transparent meshed

[167]
	2.4
	6.16
	40
	No



	Dual-feed meshed patch [164]
	2.4
	6.25
	N/A
	No



	Dual patch meshed

(81% transparency)

[168]
	2.5
	5.09
	N/A
	No



	L-shaped slots meshed

(89% transparency)

[168]
	2.4
	4.4
	140
	No



	Meander shaped slot

[165]
	0.485

0.500
	4
	15
	No



	Polarization reconfigurable slot

[166]
	2.3
	7
	N/A
	No



	Transparent mesh patch [169]
	2.4
	N/A
	80
	No



	Transparent meshed

[167]
	2.4
	6.16
	40
	No



	Dual-feed meshed patch [164]
	2.4
	6.25
	N/A
	No
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Table 9. Performance of conical spiral and helical antennas.






Table 9. Performance of conical spiral and helical antennas.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(MHz)
	Deployable





	Helical

[170]
	0.400
	13
	N/A
	Yes



	Hemispherical Helical

[171]
	2.45
	13.2
	N/A
	Yes



	Bottom-Fed

[172]
	2.2–3.1
	11.2
	900
	Yes



	Conical

[173]
	0.300–0.600
	5
	300
	Yes



	Quadrifilar Helix

[174]
	0.250–0.500
	5.41
	Various
	Yes
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Table 10. Performance of other antennas.






Table 10. Performance of other antennas.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(GHz)
	Deployable





	Bull’s Eye

[175]
	60.08
	19.1
	5.06
	No



	Cylindrical DRA Antenna [176]
	7.4

11.1
	5.2

4.8
	0.6

0.8
	No



	Balance Inductive Exciters

(BIEs)

[177]
	2.425
	6.3
	0.5
	No



	Metal-Only Metasurface

[178]
	32
	24.4
	2
	No
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Table 11. Performance of linear antenna arrays.






Table 11. Performance of linear antenna arrays.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(MHz)
	Deployable





	Yagi-Uda on solar panels [184]
	0.435
	11.5
	53
	Yes



	Quad 4-monopole array [185]
	0.436
	2d
	N/A
	Yes



	W-Band 16 × 32 series fed phased antenna array

[186]
	85.4
	30
	800
	No



	Printed Yagi

[187]
	1.3

2.4

3.0
	5.28

6.12

8.17
	100

190

250
	No
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Table 12. Performance of planar antenna arrays.






Table 12. Performance of planar antenna arrays.





	Type of Antenna
	Frequency

(GHz)
	Gain

(dBi)
	−10 dB

BW

(GHz)
	Deployable





	2 × 2 Planar Active Phased Array

[188]
	2.4
	5
	0.1
	No



	4-Element Patch Array

[189,190]
	2.45
	8.3
	1500
	No



	Planar Phased Array

[38]
	5.8
	5.8
	N/A
	No



	2 × 2 Annular Planar Array

[191]
	8.25
	13
	0.7
	No



	4 × 4 Dual-Frequency, Dual-Polarization Stack Array

[192]
	14

35
	15.82

14.84
	0.3

1.7
	No



	6 × 6 Planar Patch Array

[193]
	10.4
	20.1
	2
	No
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