

  electronics-11-03324




electronics-11-03324







Electronics 2022, 11(20), 3324; doi:10.3390/electronics11203324




Review



UAS-Borne Radar for Remote Sensing: A Review



Lapo Miccinesi *[image: Orcid], Alessandra Beni[image: Orcid] and Massimiliano Pieraccini[image: Orcid]





Department of Information Engineering, University of Florence, 50139 Firenze, Italy









*



Correspondence: lapo.miccinesi@unifi.it







Academic Editor: Krzysztof S. Kulpa



Received: 5 September 2022 / Accepted: 11 October 2022 / Published: 15 October 2022



Abstract

:

Since the 1950s, radar sensors have been widely used for the monitoring of the earth’s surface. The current radars for remote sensing can be divided into two main categories: Space/aerial-borne and ground-based systems. The unmanned aerial system (UAS) could bridge the gap between these two technologies. Indeed, UAS-borne radars can perform long scans (up to 100/200 m) in a brief time (a few minutes). From the 2010s, the interest in UAS-borne radars has increased in the research community, and it has led to the development of some commercial equipment and more than 150 papers. This review aims to present a study on the state-of-the-art of UAS-borne radars and to outline the future potential of this technology. In this work, the scientific literature was categorized in terms of application, purpose of the paper, radar technology, and type of UAS. In addition, a brief review of the main national UAS regulations is presented. The review on the technological state-of-the-art shows that there is currently no standard in terms of radar technology, and that the multi-helicopter could be the most used UAS in the near future. Moreover, the UAS-borne radar can be used for several remote sensing applications: From landmine detection to smart agriculture, and from archeological survey to research and rescue applications. Finally, the UAS-borne radar appears to be a mature technology, which is almost ready for industrialization. The main developmental limit may be found in the flight regulation, which does not allow for many operations and imposes strict limits on the payload weight.
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1. Introduction


Unmanned aerial systems (UASs) are widely used for remote sensing applications. The use of UAS allows for the development and production of flexible systems that could be operated in several scenarios and critical situations, and could cover large areas with cost-effectiveness. Currently, most of the payloads (additional sensors for UAS applications) are based on optical/multispectral sensors. These sensors are particularly suitable for integration in UAS systems, as they are already designed for remote operation. Moreover, the metadata (position and time) could be easily embedded in the raw data. These types of sensors have been the subject of several scientific reviews in the last few years [1,2,3,4,5,6,7]. In 2012, Zhang et al. published a review on UAS for precision agriculture [1]. In 2014, Colomina et al. presented a review on photogrammetry for remote sensing using UAS [8], and in 2019, Manfreda et al. addressed the problem of the use of UAS for environmental monitoring [2]. Finally, Vélez-Nicolás et al. presented a review on the application of UAS for hydrological issues [7]. Some of these reviews suggested that the survey should be performed using a radar, which has several advantages, such as longer operating range and insensitivity to light and visibility conditions. In the present review, we examine in depth both the technical development and the possible applications of UAS-borne radars. In fact, the radar payload is currently a mature technology; however, it is not ready for commercialization with respect to the payloads covered in the aforementioned reviews (optical, multispectral sensors) [1,2,3,4,5,6,7,8].



The current radar systems for remote sensing operate onboard of an orbiting/flying system (satellite or aerial) or using a terrestrial platform [9,10]. The satellite/aerial-borne radar can monitor large areas and perform high-resolution images. On the one hand, these systems have long return times: A satellite system takes days to overlook the same area from the same direction. On the other hand, terrestrial systems cover smaller areas (from building to a single slope) with a return time in the order of minutes.



Since 2006, unmanned aerial systems (UASs) have been studied as platforms for radar remote sensing [11]. The UAS-borne radar could bridge the gap between satellite/aerial and terrestrial systems, as schematically shown in Figure 1. UAS-borne radars could cover larger areas with respect to terrestrial systems, with a shorter return time. These two characteristics, combined with the flexibility of UAS systems, allow for the use of UAS in different applications, such as landmine detection [12], snow/ice monitoring [13], deformation measurement [14], and biomass survey [15].



Compared to conventional systems, the UAS radar can be deployed within minutes and used in scenarios where ground systems cannot be operated. For example, a UAS-borne radar can be used for landmine detection, since it operates with no contact on the surface. Moreover, it can be used in areas where the ground line-of-sign is covered by obstacles, such as wooden or urban areas. Furthermore, it can be used in emergency situations in cooperation with other payloads.



On the other hand, the UAS trajectory is commonly less precise than other conventional systems, and it could dramatically affect the image quality. The uncertainty on the trajectory is particularly evident when the operator needs to retrace the same path, for example, in interferometric applications or for image correlation. The flight uncertainty is related to two factors: The intrinsic uncertainty of positioning and inertial sensors, and the constraints related to the flight controller systems. Furthermore, with respect to conventional systems, the operations with UAS are limited by the weather conditions, i.e., wind dramatically affects the flight performance, and generally flying is not possible under raining conditions.



The principal characteristics of spaceborne, terrestrial, and UAS-borne radars are compared in Table 1. The main drawbacks of UAS-borne systems are related to autonomy (between 20 and 50 min) and the operating limits related to the weather. Indeed, most of the UAS could not be operated in adverse weather conditions (wind, rain, etc.). On the other hand, the advantages are the short return time, the coverage area, and the resolution which is a tradeoff between spaceborne and terrestrial systems.



The UAS-borne radar appears to be a mature technique for remote sensing, and it is almost ready for industrialization. However, a systematic study of UAS-borne radar in terms of radar technology and remote sensing applications has not yet been performed. The aim of this review is to provide a comprehensive overview of UAS-borne radars. Specifically, in this paper the technical aspects, such as signal modulation, operative band, and imaging techniques, and the main applications of UAS-borne radars are extensively reviewed and discussed.



Moreover, we summarize the national flight regulations that involve UAS systems. Since the last 5 years, several countries have legislations on UAS operations. These regulations must be considered by both the developer and the user. In fact, they involve the mass of the payload and the areas where it is possible to operate the UAS.



The present review paper is structured as follows. In Section 2, we describe the methods used for the bibliographic research and for categorizing the papers. In Section 3, we address the main national regulations of the UAS. In Section 4, we recall the working principle of radars and the main processing techniques. Then, we summarize the results of the bibliographic review in terms of radar technologies. In Section 5, the main UAS-borne radar applications for remote sensing are summarized. In Section 6, we discuss the results and the future of UAS-borne radars in terms of radar developments and applications. Finally, Section 7 contains final considerations regarding the current UAS regulation and its implications for the use of these systems.




2. Methods


The present review aims to study the current state-of-the-art of UAS-borne radars for remote sensing and to outline its potential in terms of technologies and applications. The study on the state-of-the-art was carried out by considering 162 papers found in the main online databases: Google Scholar, Scopus, and Web of Science. The keywords used were a combination of drone, GPR, imaging, radar, synthetic aperture radar, UAS, and UAV (alphabetic order). The papers were categorized in terms of radar technology, imaging technique, type of UAS, and application.



In the present review, we considered open access materials (articles, conference papers, books, etc.) and those subscribed by the University of Florence. The excluded papers were less than 10% of the total and the majority were conference papers. We excluded pre-print papers, for example, those presented in arXiv but not published by an editor. Furthermore, we excluded papers on military applications, as they were out of the scope of this review.



The papers were collected using Zotero [16] and classified in a spreadsheet document in terms of (but not limited to) signal modulation, operative band, imaging technique, type and antennas configuration, type of UAS, take-off weight, generic and specific applications. The classification was performed paper by paper without machine techniques or automatic tools. For the review, we also considered papers that addressed a proof of concept or papers where the authors designed a specific radar component (antennas, transceiver, positioning system) for improving an existing prototype. We discarded papers that focused on the use of the radar as an ancillary system, not aboard of the UAS.



Results have been synthetized by counting the number of papers for each category and reporting them in a graph or percentage form. The percentage was calculated using a normalization factor that considers the number of papers for each diverse application.



As for the review of national regulations (Section 3), we used the national aviation portal of many countries and a site aggregator [17], which collects and resumes the national regulations of several countries.



Figure 2 shows the number of papers per year, except for a preliminary work in 1996 [18] where Vesecky and Cornwall addressed the problem of power consumption, without proposing any practical system. The first prototype has been presented by Zaugg et al. [11] in 2006, which has been developed by a group of students at Brigham Young University, Provo, UT, US. From 2016, the number of papers that were published has increased, which is possibly related to the introduction of commercial multi-copter (commonly named the drone). The number of publications appears to have remained stable from 2016 through the present time.




3. Review of International UAS Regulations


For a certain number of countries, there are specific regulations for the use of UAS due to their increasing number. Currently, the national regulations are non-homogeneous, but there are some common policies. These policies pose constraints on the work of the payload designer and place limits on the final technical users.



In general, the maximum take-off weight (MTOW) of the UAS for hobby or professional use must be lower than 25 kg. Moreover, in many countries, it is compulsory to register the UAS with national aviation authorities and every pilot must have a certificate to be able to operate the UAS (Europe, China, India, etc.) [19,20,21,22,23]. Meanwhile, in some countries, the certificate is compulsory only for professional use [24]. In summary, the principles of risk assessment and possibility of use are at the basis of each country’s regulations.



Briefly, we herein reported on the regulation of the European Union as an example of the trade-off between risk assessment and possibility of use. The European Union unified the regulation for each country’s members toward the European Union Aviation Safety Agency (EASA) regulation 2019/947 [19]. Each UAS must be registered in a national registry and, from 2024, must be equipped with a transponder for remote identification.



The use of UAS is defined in terms of risk assessment, as shown in Figure 3. The flight of the UAS could be at the maximum altitude of 120 m in an open category (minimum risk), with a distance from un-involved people or buildings regulated by the pilot certificate (A1/A2/A3). The flight must be performed in a visual line-of-sight modality. All other cases (exceeding the maximum altitude, flying near people or infrastructures, beyond line-of-sight) require a specific certificate and a specific risk assessment (SORA). Furthermore, flying in a controlled airspace requires a specific certificate.



Both hobby and professional users can operate the drone in the open category by obtaining a pilot certificate. A brief scheme of rules of the open category is reported in Table 2. Of note, there is a relation between the MTOW (UAS requirements) and the subcategory limitations. Every UAS within 250 g and 4 kg can fly close to un-involved people and buildings, while the UAS over 4 kg has to be operated at a distance from people and buildings.



The limits on the MTOW, and then on the payload, are challenging for the developer. Indeed, the developer of UAS-born radar must pay attention to the total dimensions of the payload both in terms of weight and size.




4. Radar Technology


A large number of papers have been dedicated to radar developments both in terms of hardware and algorithms: More than 35% of the publications addressed radar development, 25% addressed imaging algorithms, and 17% feasibility studies. This percentage highlights the tight relation between UAS-borne radar and technological development.



In this section, we briefly resume the main radar principles. This can be useful to better understand the common issues related to the development of UAS-borne radar. Specifically, the main radar signal modulations, operative bandwidths, and imaging processes are reported, and their use is discussed.



4.1. Radar Signal Modulations


The radar can detect a target in its field of view by sending and receiving an electromagnetic signal. It measures the distance of a target (R0) by measuring the delay      Δ t      between the transmitted and received signal. The target distance can be calculated as follows:


   R 0  =   c ⋅  Δ t   2    ,  



(1)




where c is the speed of light.



The range resolution,    Δ R   , (capability of discriminating two equal targets in range) is given by:


   Δ R  =  c  2 B     ,  



(2)




where B is the bandwidth.



The main signal modulations are shown in Figure 4. The first image (Figure 4a) represents a pulsed modulation: The transceiver sends a single pulse and measures the delay between the transmitted and received signal. Figure 4b schematically shows a continuous wave stepped frequency (SFCW) modulation. In this case, the transceiver sends a sweep of frequencies by holding each tone for a period of time. The continuous wave frequency modulated (FMCW) signal is shown in Figure 4c. In the FMCW modulation, the frequency changes linearly in time, and the distance is measured by considering the frequency difference between the transmitted and received signal. The main advantages of the different modulation are reported in [25].



Figure 5 summarizes the number of papers in terms of signal modulation. For UAS applications, the FMCW is the most used (63% of papers), followed by pulsed equipment (18%), and finally SFCW (2.5%). In [13,26,27], Jessen et al. used a pseudo noise transceiver, which is an advanced modulation technique usually used for military purposes since it is more robust against the interference (it cannot be easily intercepted or jammed). Moreover, the authors selected this modulation due to a flatter amplitude inside the transmitted bandwidth, and a higher duty cycle.



A radar can obtain images by rotating the beam (mechanical or electronically) or by exploiting the movement of the platform. The first method is rarely used in UAS due to the weight and complexity of the hardware. The second method is more common, especially in combination with synthetic aperture radar (SAR) processing.



SAR exploits the movement of antennas in a direction perpendicular to the range as illustrated in Figure 6. During the flight, the radar continuously sends and receives an electromagnetic signal from the environment and exploits the movement of the UAS to perform the image. After a range compression, the single sweeps can be combined to achieve the azimuth resolution.



The azimuth resolution depends on the algorithm used for combining the sweeps and the distance between two consecutive sweeps, as shown in Figure 7.



If the consecutive signals are combined without any coherent summation along the flight direction, the azimuth resolution,   Δ ϕ  , is inversely proportional to the antenna aperture, D (Figure 7a):


  Δ ϕ ≈  λ D    ,  



(3)




where  λ  is the central frequency wavelength of the signal. Therefore, the physical aperture of the antennas limits the resolution, especially for the UAS-borne radar. In fact, the payload and holonomic constraints (i.e., the constraints related to the flight dynamic, such as the steering angle) places a limit on the physical dimension of the antennas.



SAR processing allows for the enhancement of the azimuth resolution, as shown in Figure 7b. In this case, to allow for a coherent summation, the distance between two consecutive antenna positions must be lower than:


  Δ x =  λ 4   1  sin   ϑ / 2       ,  



(4)




where   ϑ = λ / D   is the physical antenna aperture. Under this hypothesis, the azimuth resolution of a SAR system can be:


  Δ  ϕ  SAR   ≈  λ  2 L cos ϕ     ,  



(5)




where  ϕ  is the azimuth angle of the target, and L is the length of the aperture. In the limit of L << R, with R as the range of the target and   ϕ ≪ 1  , the azimuth resolution is theoretically equal to    Δ x   ~D/2.



The SAR method requires the calculation of a coherent sum along the scan direction, using a focusing algorithm. For UAS applications, back propagation algorithms are more suitable. These algorithms perform a coherent summation along the azimuth direction, by considering the relative distances between the UAS position and any point of the environment, as shown in Figure 8. The UAS trajectory is not an a priori parameter, but is known only after the flight. The final trajectory depends on the UAS dynamics, the flight controller, and on external factors, such as the wind. Usually, the user can define a trajectory using the software provided by the manufacturers. The flight controller uses this trajectory as a reference and changes the path fr time to time in order to compensate for the variations due to external factors, considering the holonomic constraints of the UAS.



Since the position of UAS is used for obtaining the image, its accuracy should be roughly   λ / 8   or lower for obtaining the best performances. The accuracy of the position is related to the accuracy of the positioning system, which is usually within a meter using a global positioning satellite system (GNSS), and a few centimeters using a real-time kinematic (RTK-)GNSS. Few authors used the external positioning system, such as total station [28] or laser meter as an altimeter [26,29,30], but they are an exception rather than the rule.



Moreover, advanced methods known as autofocusing algorithms exist, which can compensate for the low accuracy of the position. In Section 4.3., we discuss in detail the results of the bibliographic review as related to these algorithms.




4.2. Operative Band


The operative band is a key parameter of a radar. By increasing the operative band, the range resolution increases. At the same time, the uncontrolled movements of the UAS could affect the image quality. The uncontrolled movements can be compensated as described in Section 4.1. The higher the frequency, the more sensitive the data are to the uncontrolled movement. The uncontrolled movement could affect the image quality, especially when the accuracy of telemetry sensors is larger than λ/8. Therefore, for high frequencies, an accurate motion compensation is required.



Figure 9 shows the percentage of papers for each operative band. The C- and L-bands are the most used bands, respectively, 19% and 17% of the papers. This result is related to the main applications of UAS-borne radar: The synthetic aperture radar and the ground penetrating radar. For SAR applications, the higher the frequency, the higher the resolution, but the effects of motion of the UAS are larger. The C-band represents a good trade-off between these two effects. In fact, the maximum accuracy achievable by the UAS sensor is in the order of 20/50 mm (using, for example, an RTK-GNSS). The wavelength in the C-band is within 37.5 and 75 mm, as compared to the accuracy of the positioning system. Moreover, the L-band has been used for SAR applications (16% of UAS-borne SAR systems have used the L-band against 19%, which have used the C-band). Of note, since focusing algorithms do not depend on the absolute position accuracy, the accuracy requirement can be relaxed by reducing the length of synthetic aperture.



On the one hand, the GPR applications need a lower frequency to achieve a deeper penetration depth. On the other hand, the lower the frequency, the larger (and heavier) the equipment. In this case, the trade-off has been reached using UHF and the L-band.



The use of W-band is of particular interest. This operative band has recently been used for remote sensing applications, as radars operating in the W-band can be easily integrated on the UAS payload. This category is designed to be embedded in a single chip, which makes the payload particularly light. Moreover, the pulse repetition frequency (PRF) of this radar is usually remarkably high (few kHz) compared to the wavelength and average speed of UAS (few meters per second). Examples of the W-band radar can be found in [31,32,33].




4.3. Imaging Method


UAS-borne radars present a new challenge to the imaging method. Compared to conventional systems, the position accuracy is lower. Moreover, the UAS altitude is not constant during the flight, in particular for multi-copter systems. To overcome these problems, sophisticated imaging algorithms have been developed as described in Section 4.1.



For UAS applications, we can outline three methods: (1) Only altitude compensation, without azimuth compression; (2) back propagation algorithm, which considers the position of the UAS from time to time; (3) advanced method that uses autofocusing techniques. Figure 10 shows the percentage of papers for each imaging method.



Figure 11 shows an example of only altitude compensation without azimuth compression [34]. The altitude compensation can be exploited by assuming that the ground is planar and horizontal. The altitude from the ground can be measured by telemetry [15], using the radar itself [34] or with an external sensor (for example, a laser meter) [13,26]. The result of the altitude compensation can be observed in Figure 11b, the ground appears horizontal, and the targets are more visible than Figure 11a. After altitude compensation, the radar image can be interpolated along the path (slow time in Figure 11) by considering the position of UAS from time to time [35,36]. In this case, the target can be associated with a physical coordinate in the environment.



The altitude compensation is usually used in cases where a high-resolution image is not necessary, for example, for measuring the gap between two media. Jessen et al. [13,26] used this method for measuring the depth of the snow cover, whereas Chen et al. [15] estimated the forest profile. In [37], Ye et al. exploited the altitude compensation for a pseudo 3D map of the environment. The authors performed a scan of a planar surface with a MIMO radar to retrieve a bidimensional image (after altitude compensation). While the antennas were parallel to the surface, they sliced the horizontal image in terms of range to have a bidimensional map of the environment at different altitudes.



The SAR technique is the most used in UAS-borne radar applications. Considering the GPR application, about 70% of publications exploited this technique. In a large number of papers, the focusing algorithm is derived by a conventional back propagation algorithm [38]. The position of the UAS is usually retrieved from inertial sensors and GNSS. The most advanced UASs are equipped with RTK-GNSS systems, which increase the accuracy of the position. Few authors exploited other systems to retrieve the position of the UAS. For example, in [39], Schartel et al. integrated the RTK-GNSS data with the data from a terrestrial total station. Patel and Ferguson [28] used a light detection and ranging (LiDAR) system with an extended Kalman filter to retrieve the position of the payload during the flight.



The trajectory shape is the key point for SAR techniques. The conventional spaceborne and GB-SAR exploit the movement along a trajectory that can be considered almost linear. Recently, for GBSAR, a circular trajectory was used in the horizontal plane to enlarge the field of view [38,40,41] or a circular aperture was used in the vertical plane to measure the displacement vector [42]. For UAS-borne SAR, the linear aperture is one of the most used trajectories (Figure 12a) [29,43,44], even if, for particular applications, it is a landmine detection, the circular aperture has been used [45,46,47,48,49] (Figure 12b). Moreover, the UAS-borne SAR could exploit multiple-scans during the same flight as shown in Figure 12c. The multiple-scan survey not only increases the signal to noise ratio, but also the probability of detection of targets. Indeed, the radar cross section depends on the incident angle and on the specific radar-target position, especially for a complex target. The multi-scan is usually used for critical applications, such as landmine detection [12,50,51,52] or for rescue purposes [53].



The autofocusing algorithm is a specific strategy of the back propagation method, which overcomes the problems due to non-compensated uncontrolled movements. These algorithms are particularly useful for UAS-borne SAR, when the position measured by the UAS is significantly noisy or corrupted for the retrieval of an image. An example of an autofocus algorithm application on UAS-borne SAR imaging is shown in Figure 13. Autofocusing algorithms usually perform an iterative optimization of a particular function to minimize the phase error and achieve a higher quality image. Several types of autofocusing algorithms exist, depending on the function to be optimized. One of the most used for SAR imaging is the phase gradient autofocus (PGA) [55], which is usually performed on strong scatterers on the imaged scene. The so-called phase gradient function is estimated and optimized by slightly changing a phase error term. In other cases, other types of cost functions are used, for instance, based on the integrated sidelobe level ratio [56] or on the signal entropy [57]. In the case of back propagation algorithms, the optimization can be performed by iteratively modifying the error trajectory [56].



Autofocusing algorithms represent a powerful tool for obtaining high resolution SAR images even when there is a lack of information on the UAS trajectory. For instance, the authors of [43] presented an imaging method which exploits PGA techniques to achieve high-resolution images without the use of an on-board dedicated inertial navigation system. In [58], an autofocus framework for UAV-based UWB SAR data is presented. A weighted PGA is used to solve the local motion error estimation problem with frequency-dependent phase errors, and a trajectory deviation estimation is performed. Finally, the authors of [59] used autofocus techniques to compensate for the platform motion errors of a miniaturized, low-cost Ka-band UAS-borne SAR imaging system, which makes no use of motion sensors.





5. Remote Sensing Applications


In terms of applications, we can single out two main categories: Synthetic aperture radar (SAR) and ground penetrating radar (GPR). A residual number of papers do not address SAR and GPR applications. In these papers, the authors used only altitude compensations for generic applications. The most notable of these papers are reported in Section 4.3. Figure 14 shows the number of papers in terms of a specific application divided into three categories. The applications in SAR category varied in different fields, from agriculture to vital sign detection. Most of these papers have not declared the specific application and have been summarized in “remote sensing” applications. In the GPR category, most of the papers addressed the landmine detection.



Figure 15 shows the number of papers per year for each category. The blue dashed line represents the total number of papers. Until 2015, SAR was the main application, and from 2016, the interest in GPR applications increased.



The peak in the number of papers in 2016 could be caused, not only by a greater interest in GPR, but also by the introduction of a novel class of UAS, the multi-copter. Since 2016, the total number of papers that used the multi-copter were five (including 2016), with respect to twenty-five papers that used fixed wing UAS. As shown in Figure 16, there are two main UAS categories: The fixed-wing (Figure 16a,b) and multi-copter (Figure 16c–e). The fixed-wing UASs are commonly used for covering large areas, and they can carry a heavier payload with longer flight duration. On the one hand, they are characterized by poor maneuverability (they can cover rectilinear trajectories). On the other hand, the multi-copters are characterized by high maneuverability (in terms of piloting and trajectory). The main drawbacks of the multi-copters are the MTOW (usually lower than 15 kg) and the flight duration (usually within 10 and 50 min).



Figure 17 shows the percentage of papers per year related to a specific UAS category. The sum of the percentage of paper per type is not always 100% since in some papers, the authors have not declared the type of UAS used. We can notice an inversion between fixed-wing and multi-copter in 2016. Before 2016, nearly all of the publications used a fixed-wing equipment, but from 2016, most of the papers (about 60%) used a multi-copter system, while only 5/6% of papers used the fixed-wing system. Generally, multi-copters are more versatile for most of the applications. In addition, multi-copters are designed to be compatible with a large number of different payloads, thus they are particularly suitable for research purposes.



5.1. Synthetic Aperture Radar


The applications of UAS-borne SAR extend from generic earth monitoring [31,63,64,65] to more specific applications, such as interferometry [14,66,67,68,69], agriculture [70,71,72,73], moving target identification [74,75], and vital sign detection [76]. Figure 18 shows some examples of these applications.



The use of UAS for interferometry is one of the most challenging research fields. The uncontrolled movement affects the phase information, making it difficult to combine data acquired during different flights. Moreover, the altitude of the UAS can change during the flight, affecting the volumetric phase. The volumetric phase is related to the elevation of the environment under test. In [14], Frey et al. used an external system to generate a DEM and remove the volumetric phase contribution. Luebeck et al. [68] located targets on a horizontal plane. The targets were equipped with a displacement system, and they successfully measured the controlled movements. The digital image correlation can be also used for change monitoring [77,78,79]. This technique can be used both for compensating the movement of the UAS or for detecting a fast movement of the environment on the image plane.



The use of UAS-borne SAR for agricultural applications is of particular interest. These systems allow for the monitoring of large areas with an elevated periodicity. In [70,71], Oré et al. applied the SAR technique for the monitoring of crops and sugarcane fields. They used the phase information both to measure the differential growth within the field and the total growth over time. Moreira et al. exploited the same equipment for the monitoring of the forest status [72].



Most of the papers regarding SAR applications are related to technical developments and the most used modulation for UAS-borne SAR is FMCW (about 80%), with a small percentage of pulsed radars (about 9%). Figure 19 summarizes the operative bands used for SAR applications. The C-band is the most used operative band (about 20% of papers regarding SAR application), followed by the L- and W-bands (about 15% each).




5.2. Ground Penetrating Radar


Some examples of GPR applications are shown in Figure 20: Landmine detection (Figure 20a) [12,29,30,44,45,46,47,49,52,80,81,82,83], search and rescue operations (Figure 20b) [53,84,85], soil moisture measurement (Figure 20c) [62,86,87]. Furthermore, the UAS-borne GPS is used for snow monitoring [13,26,27,28,88,89].



The landmine detection is the main application of UAS-borne GPR with 56% of papers (blue slice in Figure 21) followed by snow monitoring (15%, light blue dotted slice in Figure 21). About 8% of papers are related to search and rescue activities, and 5% to soil moisture application. Furthermore, 9% of papers are equally divided into underground prospection, quarry monitoring, and archaeological applications.



Garcia-Fernandez et al. proposed several equipment for landmine detection and produced about 20% of publications with respect to UAS-borne GPR. They proposed two different systems: The first operated the C-band with helix antennas [90], and the second operated UHF with MIMO Vivaldi antennas [12]. Using the second system, the authors were able to determine the coordinates of a buried object with a single scan. A different approach for landmine detection has been used by Burr et al. [45,47]. Here, the authors designed an L-band MIMO system with two transmitters and two receivers. They used the MIMO capabilities to obtain a digital elevation model [47], and perform polarimetric measurements [45].



Snow monitoring is a key application of GPR. Important characteristics of the snow cover can be retrieved from a radar survey, such as snow depth distribution or snow water equivalent. Using UAS-borne GRP, it is possible to cover large areas with a relative resource efficiency (in terms of time and cost). Jessen et al. used a UHF band pseudo noise-modulated radar for the retrieval of snowpack characteristics [13,26,27]. In [89], Vergnano et al. prosed a C-band radar for the retrieval of snow depth distribution. The results of the survey were compared to other methods and the deviation between these was less than 10%.



In terms of signal modulation, the UAS-borne GPR equipment are equally distributed between pulse and FMCW systems (30% of publications for each of these modulations). The pulse signal is the most common for conventional GPR systems. Many authors adapted conventional equipment for UAS application. On the other hand, many FMCW systems are especially designed for UAS-borne GPR applications. Furthermore, Figure 22 shows the operative bandwidth used for GPR applications.





6. Discussion


The technological developments and the applications of UAS-borne radar have been discussed in this review. The review on the state-of-the-art of this technology could be used, both for understanding the trend of radar developments, and for providing the researcher with a possible reading key if they would like to address the UAS-borne radar. From the application results, the scholars could be inspired to develop novel applications. Furthermore, we provided an overview of the main national UAS regulation. This overview, far from being complete, can be used as a future track for the next generation of UAS-borne radars, which must comply with the regulation.



The UAS-borne radar appears to be a few steps behind other payload technologies (optical, multispectral, infrared sensors, etc.) in terms of industrialization. In fact, the UAS-borne radar is a mature technology, even if it is not yet standardized, for example, regard to the radar operative bandwidth.



With respect to the UAS category, the multi-copter will be the most used system in the next future. Indeed, since 2016, the interest in multi-computer systems has increased in terms of fixed-wing systems. To date, the percentage of papers that uses fixed-wing UAS is lower than 10%, while the percentage of papers that uses multi-copter increased by up to 80% (Figure 17). The multi-copters overclass the fixed-wing UAS, thanks to their maneuverability and relative low cost. On the other hand, particular attention should be paid to the MTOW and the autonomy of multi-copters, which are often lower than fixed-wings. Moreover, the multi-copters allow for the planning of automatic routines, for example, they are able to follow a series of waypoints. These routines are currently used in all surveying operations, but they need careful human planning to avoid collisions with possible obstacles. To further automate the routines, the UAS can be equipped by obstacle detection systems based on radars [91,92,93].



In regard to applications, the UAS has already been successfully used for GPR in many cases. The use of UAS-borne GPR could allow for the monitoring of large areas with little effort in terms of time and cost. Indeed, the UAS-borne GPR can automatically cover large areas by following a pre-generated trajectory, while the terrestrial systems need an operator that can drive the GPR on a scan-by-scan. Currently, the UAS-borne GPR can be employed in dangerous situations, such as landmine detection (50% of papers) or search and rescue purposes (8% of papers), and these will possibly be the main application fields of UAS-borne GPR. Another promising application is the underground utilities survey. With respect to archeological or geochemical surveys, the search for sub-services could be easily carried out by the UAS since these sub-services are often relatively close to the surface.



With respect to SAR applications, the UAS-borne system could bridge the gap between satellite and ground-based systems both for imaging and interferometric purposes. The application in agriculture and for environmental conservation is of particular interest. The UAS-borne SAR could represent an essential tool for smart agriculture (by monitoring the growth of plantation, see Figure 18b) or for wooden conservation. The UAS-borne radar will make it possible and affordable to retrieve crucial information on the ecosystem, about the cover, the biomass value, and the homogeneity of the area.



Nevertheless, the SAR applications could be the real key to the widespread use of UAS-borne radar. In fact, the impressive images retrieved with UAS systems currently compete with those acquired by aerial systems both for the resolution and area covered. In addition, to totally bridge the gap between terrestrial and satellite systems, the UAS-borne SAR must be able to perform interferometric measurements. To date, only a few research groups exploited this possibility, probably since this application is critically affected by the accuracy of pose systems. Indeed, to successfully perform an interferometric measurement, it is necessary to retrace the same path with high accuracy. An improvement of pose systems technology could lead to the exploitation of the full potential of UAS-borne SAR. Moreover, some scholars are currently working on control systems to retrace the same trajectory several times [94]. This approach is complementary to an enhancement of pose systems, but it allows for the development of automatic routines to scan the same area several times.



In regard to radar modulation, our study identified the FMCW modulation to be the most used and the most promising for a major part of UAS-borne radar applications (about 63% of papers). Nevertheless, some specific applications may benefit from pulse radars which may be more suitable. This is the case for GPR applications, in which the UAS could be equipped with a pulse radar adapted from conventional terrestrial radars.



For the operative band, the most used are UHF, L-, C-, and W-bands. Specifically, UHF and L-bands are frequently used (about 72% of papers) for GPR applications, while C- and W-bands (about 34% of papers) for SAR. For GPR applications, the reason is clear: The lower the band, the greater the penetration of depth.



The use of C-band instruments for SAR interferometry applications is motivated by the fact that the C-band signal is rather insensitive to errors in trajectory measurements. Therefore, the use of this band could allow for overcoming one of the main problems of SAR interferometry. On the other hand, with W-band systems, it is possible to perform high-resolution SAR mapping (the higher the band, the larger the bandwidth, the better the resolution). In this case, the lack of information on the UAS trajectory overcomes the problem using motion compensation techniques that involve autofocusing algorithms.




7. Conclusions


The UAS-borne radar appears to be a mature technology for the global market. However, national regulations could limit the use of UAS-borne radars. Of note, the maximum take-off weight is a discriminating parameter in many countries, which places the greatest limitations on systems use. Moreover, the absence of homogeneous regulations in most of the countries do not permit the development of a unique solution, and represents a challenge for the developer. Furthermore, most of the current regulations do not allow for the use of UAS without a line-of-sight or even remotely. This part of the regulations reduces the potentiality of the UAS-borne radar in a few scenarios, while the autonomous operations are particularly useful in many important applications (for example, in mines).



Regulators should consider these applications and adopt less restrictive regulations, while maintaining high safety standards for flight systems.



In conclusion, the deployment of radars might be facilitated by improving the technological level of UAVs, especially in regard to positioning and inertial systems, flight autonomy, mass of the UAS with respect to the payload, and automatic/autonomous routine.
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Figure 1. Complementarity of UAS-borne radar with terrestrial and spaceborne systems. 
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Figure 2. Number of papers per year. 
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Figure 3. Scheme of UAS regulation in terms of altitude, distance from the pilot, and risk assessment. 
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Figure 4. Radar signals: (a) Pulsed, (b) continuous wave stepped frequency (SFCW), (c) continuous wave frequency modulated (FMCW). 
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Figure 5. Number of papers in terms of radar signal. 
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Figure 6. Radar imaging principle. 
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Figure 7. Azimuth resolution without azimuth compression (a) and for the SAR system (b). 
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Figure 8. Focusing algorithm principle. 
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Figure 9. Number of papers in terms of operative bandwidth. 
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Figure 10. Percentage of the paper in terms of imaging method. 
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Figure 11. Example of altitude compensation (after [34]): (a) Before compensation, (b) after compensation. 
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Figure 12. Examples of possible trajectory for USA-borne SAR: (a) Linear scan (after [54]), (b) circular trajectory (after [47]), and (c) multi-scan (after [51]). 
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Figure 13. Examples of autofocusing algorithm (after [43]): (a) Optical image, (b) image without movement compensation, and (c) after movement compensation. 
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Figure 14. Number of papers per year in terms of specific applications. 
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Figure 15. Number of papers per year: The blue dashed line shows the total number of papers, the green line shows the papers with SAR application, and the red line shows the papers with GPR application. 
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Figure 16. Examples of types of UAS: Fixed-wing (a) (after [60]) and (b) (after [61]); and multi-copter (c) (after [14]), (d) (after [45]), and (e) (after [62]). 
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Figure 17. Type of UAS per year. 
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Figure 18. Examples of SAR applications: (a) Interferometry (after [14]); (b) agriculture (after [71]); (c) moving target identification (after [74]); (d) vital sign detector (after [76]). 
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Figure 19. Percentage of papers regarding SAR applications in terms of operative band. 
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Figure 20. Examples of GPR applications: (a) Landmine detection (after [44]); (b) search and rescue (after [53]); (c) soil moisture (after [62]). 
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Figure 21. Percentage of papers in terms of specific application in GPR category. 
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Figure 22. Percentage of papers regarding GPR applications in terms of operative band. 






Figure 22. Percentage of papers regarding GPR applications in terms of operative band.



[image: Electronics 11 03324 g022]







[image: Table] 





Table 1. EASA pilot certificate’s category, limitations, and UAS requirements.
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	Spaceborne
	Terrestrial
	UAS-Borne





	Autonomy
	∞
	∞
	20/50 min



	Weather condition operativity
	Operative in each weather condition
	Operative in each weather condition
	Could not be operated in each weather condition



	Return time
	Days
	Minutes
	Minutes–hours



	Resolution
	Constant with the range (spatial resolution)
	Function of range (angular resolution)
	Constant with range or angles depending on operative modality



	Coverage
	Global
	1 km2
	10 km2
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Table 2. EASA pilot certificate’s category, limitations, and UAS requirements.
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Cat.

	
SUBCATEGORY LIMITATION

	
UAS REQUIREMENTS






	
A1

	
Overflight of UAS is permitted over people outside of an operation.

Flying close to a populated area is allowed.

	
Private construction < 250 g and < 19 m/s




	
Type C0 (<250 g)




	
Type C1 (<900 g, e-ID, and Geo-awareness)




	
A2

	
Flying is allowed near people outside of an operation by maintaining a safety distance of 5–30 m.

Flying close to a populated area is allowed.

	
Type C2 (<4 kg with low speed, e-ID, and Geo-awareness)




	
A3

	
Operation in areas where people are outside of an operation are not endangered by maintaining a minimum safety distance of 150 m from any populated area.

	
Private construction < 25 kg




	
Type C2 (<4 kg, e-ID, and Geo-awareness)




	
Type C3 (<25 kg, e-ID, and Geo-awareness)




	
Type C4 (>25 kg)
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