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Abstract

:

The current study provides a thorough analysis and evaluation of fixed-wing UAV correlations with respect to NATO classification, region of production, entry-into-service (EIS) date and other operational specifications. A set of 202 existing fixed-wing platforms is used to populate an in-house database. A screening of the corresponding data is conducted using a correlations matrix, and a statistical analysis of the key UAV design parameters is, in turn, performed. The results are presented using a wide variety of charts and statistical coefficients, to provide as much information as possible for future UAV design and performance assessment studies. Correlations for each mission type are provided, followed by a detailed evaluation of the key design parameters and design ratios (wingspan, gross takeoff weight, empty weight, payload weight, endurance, and operational speeds) with respect to NATO classification and region of origin. These key parameters are then plotted as a function of EIS date for every NATO category to identify any underlying trends and, finally, the platforms are classified in regard to some qualitative attributes, such as mission type and low observability. The results suggest that the trendlines extracted for each category significantly deviate from the generic trends. Therefore, omitting the classification in terms of region, size and weight can lead to misleading outcomes and should be avoided. Another conclusion lies in the fact that, apart from the average trendline, the design engineers should also have an indication of the data variance, due to the high dispersion observed in the datasets of several design parameters.
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1. Introduction


The field of fixed-wing unmanned aerial vehicles (UAVs) design has advanced rapidly within the 21st century. Typical UAV applications range from soil erosion monitoring [1] to precision agriculture [2,3]. Another possible application is terrain mapping, as shown in [4], where the use of dedicated sensors and software allows for the 3D representation of a post-mining site. UAVs can also be used for environmental purposes, such as beach litter surveys and assessment [5], and sea-lane monitoring [6].



Driven by the variety of applications and in an attempt to cope with the increasingly booming market [7], research institutes and industries throughout the globe are conducting fixed-wing UAV design studies, covering a wide range of platform sizes and mission specifications [8,9,10,11]. New configurations are investigated [12,13,14,15] and new drag estimation methods are introduced [16,17] to provide the means for design engineers to enhance aerodynamic efficiency and performance. Moreover, the recent advances in the fields of electronics and control systems allow the unmanned systems to expand their mission range, assuming operational tasks that were traditionally assigned to manned aircraft [18]. Summing up, it is evident that, although arguably smaller in size and budget, the activities developed in the field of UAV design resemble those developed for commercial aviation.



This observation has motivated a few researchers to provide some critical pieces of information when it comes to design, i.e., to extract statistical data and historic trends from existing configurations [19,20,21]. A typical example is the work of Gomez-Rodriguez et al. [22]. They provide a very interesting overview of fixed-wing UAV platforms, emphasizing their layout specifications, such as empennage type and shape. Although some information is also provided on mission type and size, this distinction is conducted rather arbitrarily and does not follow the well-established norms of NATO classification [23]. In one of the most complete research papers in this topic, Verstraete et al. [24] documented over 800 existing UAVs, providing trendlines and correlations for the key design and performance parameters. However, the authors of this work do not provide any information in terms of configuration layout, mission type and platform category. More specifically, although the regression equations they provide achieve a very good fitting, they do so for all UAV sizes and weights. This either indicates that all fixed-wing UAV configurations, ranging from a 0.5 kg drone to a 5 ton platform, follow the same design trends, e.g., in terms of empty weight ratio, or that by applying a regression to all the data alike, the researchers missed the individual information in-between. Alulema et al. [25] provide propulsion sizing correlations for both electrical and fuel-powered UAVs. The researchers have a rather complete approach and make some observations with respect to NATO classification, but their study is almost explicitly propulsion-oriented. In another related study, Bajwa, Baluch and Saeed [26] gathered data from 41 UAVs. Employing a rather innovative approach, the authors use the data to train an artificial intelligence model, which can in turn predict key parameters, such as weight fractions, power and service ceiling. A key limitation of this work is that the reference data are somewhat limited when compared to the other two papers, not to mention that almost no information is given concerning classification and mission type. Moreover, as a general observation, these studies have also omitted another parameter when it comes to analyzing design data and extracting correlations from historic trends: time. Table 1 summarizes the strengths and shortcomings of the studies shown above. Summing up, to the best of our knowledge, there is limited information concerning the impact of classification, region, mission type and evolution of the key design and performance parameters.



After several decades of UAV development, the authors of this paper can find no obvious reason for omitting that type of information, i.e., time, size and weight classification and mission type. In the field of manned aviation, this information is considered fundamental knowledge and plays a key role in major research activities [18,19,23,27]. More specifically, the weight classification is probably the most important and fundamental distinction that has to be made before expressing design data and trends [18,23]. For example, when it comes to designing the commercial airliners of the future, it would be rather unwise to rely on “aircraft data” in general. The corresponding design expert, or team, will search for the trends and data that refer to their respective category, be it a regional, 70-PAX, or a double-aisle, commercial jet. This is the reason why, for example, almost all major EU research projects provide dedicated data for each platform category [28,29,30,31]. In a similar manner, when a new UAV development project begins, it is highly likely that the design team will have an indication of its size beforehand. That is, they will not be looking for “fixed-wing UAV design trends” in general, but for the trends and data that apply to their specific design case. Similar arguments can be made for the mission type parameter, which, along with the size and weight classification, is a key variable used by well-established aircraft design textbooks and methods [19,20,32,33] when it comes to expressing design trends data and charts. Region of origin can help to provide insight into the technology availability and design approach of various countries and continents, while identifying the trends in terms of design parameters and technology availability is a powerful tool, not only from a marketing point of view, but from a designer’s perspective as well. Indicatively, when investigating future designs, a common practice in the commercial airliner industry is to project all values to a reference entry-into-service (EIS) year [28,29,30,31] so that any new configurations, technologies and architectures can be assessed in equal terms. Introducing these critical parameters to unmanned aviation is the primary motivation for this work. Generating a fixed-wing UAV database that resembles the philosophy employed by manned aircraft designers will help to further advance the UAV design activities. Moreover, given that the tools of UAV layout design and performance are based on aircraft design textbooks and methods, the authors can find no reason to not establish a common approach on a database level.



An in-house database based on 202 existing fixed-wing UAV platforms has been populated, including 38 different parameters. It must be noted that not every parameter is available for all 202 UAV models, as is the case with Section 3.2 (results per EIS). These parameters refer to both “technical” variables (layout, aerodynamics, and performance), as well as to “operational” variables related to EIS year and NATO classification. As indicatively shown in the methodology section (Section 2), adding the “operational” variables in the investigation aids the authors in identifying some shortcomings and gaps in the existing literature concerning existing fixed-wing UAV correlations. A wide variety of charts, trends and coefficients are calculated and presented in an attempt to highlight those shortcomings and to suggest a way of addressing them.



It must be noted at this point that some of the initially considered technical and operational parameters are eventually omitted. That is, parameters related to units of production, cost per unit, aspect ratio, installed power/thrust and runway length are not shown in the results, due to a lack of solid available data. A typical example of such a parameter is the range, as thoroughly discussed in Section 2.2.5. For the rest of the parameters, the corresponding results can be primarily used to provide a more pragmatic definition of fixed-wing UAV design space. Finally, by providing data for the “operational” variables, as well as their correlations with the “technical” ones, the results of this work can be used to train advanced machine learning models, in a similar approach to the one suggested in [26].




2. Materials and Methods


The key steps of the proposed methodology are presented in Figure 1. The first step in the data collection process is to identify the sources of data and to create the basic UAVs’ array per model, along with the “technical” and “operational” parameters that are going to be investigated. The selected parameters, among others, include layout and performance data (weights included), NATO classification, region of origin, EIS, mission type, etc. Once the data have been collected, they are organized into a comprehensive and updatable database, which allows ease of access and retrieval of the contained information. The database is also designed to allow for efficient searching, filtering, and sorting of data. The final step is to analyze the data and to identify occurring trends in UAV design. The lack of a specific trend to a dataset can also be useful in informing future UAV designers to treat historic data and trendlines with caution.



2.1. Database Population


For the current research, the available data sources include government agencies, academic institutions and private companies that publicly share their UAV data. To ensure data quality control, a systematic method is developed for collecting and storing data, including a multi-step process of finding available UAVs, cross-checking the given values based on similar platforms or other independent sources, including the specific model to the database and conducting a final sample check of approximately 1 out of 20 entries to assure that all values are correctly entered. Less than 0.5% of the values corresponded to wrongly entered ones, i.e., one wingspan and one EIS value. The latter is traced back to typos made by the researchers during the database population. After collecting the data, a standardized data structure and format are introduced to the database, as special guidelines for data naming conventions and units of measurement are set. The database itself is created in a spreadsheet format for ease of access, data sorting and plot creation.




2.2. Parameter Selection


The selected parameters for the database population are split into two main categories. The first one includes the parameters that are used to quantify the specifications of a UAV and, as such, are related to layout, aerodynamics and performance (“technical” parameters). They are used to extract design trends regarding the platform itself, in a similar way to the work shown in [22,24,25]. The most notable of these parameters are the wingspan and length, the cruise and maximum speed, the gross take-off weight (GTOW), payload weight and empty weight, the propulsion type and its generated power, the endurance, service ceiling and the operational range. The second category involves UAV characteristics that are used to classify the aerial vehicles from an operational perspective (“operational” parameters). Indicatively, some of these parameters are the region of origin, EIS, NATO UAV category, primary mission type, etc. In general, technical parameters are expressed using continuous numeric variables, whereas operational ones are either grouped in classes or defined as logical ones, respectively creating different types of charts (continuous plots for the first and bar/pie charts for the latter)



2.2.1. UAV NATO Classification


The aim of the NATO UAV classification system (Table 2) is to provide a certain way of describing different UAVs based on a wide range of characteristics, such as their size, range, endurance and operational capabilities. The classification intends to facilitate interoperability and equipment interchangeability among NATO member-states by providing a common ground about UAVs, and it consists of three main parts: operational category, performance capabilities and design approach.



In the present study, the categorization is primarily made in terms of GTOW. Especially when it comes to Class III, the authors also employ the parameters of service ceiling (i.e., to set the “MALE” and “HALE” categories apart) and mission type (i.e., for the UAVs that belong in the “Strike” category), provided that the GTOW is above 600 kg [23].



Using a standardized classification system facilitates a systematic universal approach to categorizing UAVs based on engineering/design criteria and market/operational constraints. By observing the numbers referring to weight and ceiling, it is evident that fixed-wing UAVs vary considerably in terms of size. This observation supports the claim made in the introduction section (Section 1), i.e., that by ignoring the classification system and by employing design trends extracted for all UAVs alike, a design engineer can draw confusing, or simply inaccurate, conclusions and guidelines for the design space that refers to their study (in a similar way that employing trends for double-aisle jets can confuse a general aviation aircraft designer).




2.2.2. Year of Introduction (EIS YEAR)


The year of introduction (or EIS year) parameter is introduced to the overall analysis in order to provide trends data for the UAV design and market evolution, based on several reasons. First of all, the field of fixed-wing UAVs is a rapidly evolving one, and new designs are being introduced every year. By assessing the year of introduction, it is possible to identify how a design compares to more recent UAV models in terms of performance and capabilities. Moreover, in a similar approach to manned aircraft and, more specifically, to commercial airliners, the EIS classification can be used to identify any trends, e.g., as a result of material technology improvements. Finally, UAV designs can evolve over time, with improvements and modifications being made to address performance and operational issues, sometimes with the introduction of derivative models or “submodels”. A typical example is the case of the General Atomics MQ-9B Sea Guardian and MQ-9C Avenger, i.e., two versions of the MQ-9 Reaper, which vary considerably in terms of wingspan and payload capacity [34]. The year of introduction for each “submodel” can be important for understanding the design’s development history and creating relevant trendlines for future ones. However, it should be noted that EIS year is one of the most challenging parameters to accurately obtain, since many UAV manufacturers may avoid presenting maiden flight dates or present market derivative models as completely new designs [7].




2.2.3. Region Classification


The region classification is used to categorize fixed-wing UAVs, based on the continent of origin. Note that the authors decided to exclude the United States of America and Israel from their respective continents and categorize them as separate regions, since both countries exhibit a large number of different UAV designs throughout the years and are widely recognized as pioneering nations in this field. This claim is supported by the data shown in Figure 2, where the UAV models per region are presented as a percentage of the total sample. USA and Israel feature double digits, surpassing entire continents, such as Africa and Oceania.



Summing up, the region classes of this study are:




	
Africa;



	
America;



	
Asia;



	
Europe;



	
Oceania;



	
USA;



	
Israel.









2.2.4. Mission Categorization


As the UAV industry continues to expand, the authors considered the option to classify UAVs based on their specific applications and functionalities (from now on to be referred to as “missions”) [18,27]. The suggested mission categories are comprehensive, ensuring that no UAV is left out of the categorization process, and are listed as follows:




	
ISTAR (Intelligence, Surveillance, Target Acquisition and Reconnaissance) tactical, for UAVs intended to act as “eyes in the sky” for military and civilian use and operational range in line of sight from its command center (LOS);



	
ISTAR strategic, for UAVs that have a similar role to the previous category, but their range is limited only by their performance parameters (not by their telecommunication systems);



	
Attack, for UAVs that carry armament and have ground attack capabilities (UCAV);



	
Target, for UAVs used as practice targets for manned aircraft;



	
Loitering Munitions (LM), for single-use UAVs used as ordnance delivery systems;



	
Utility, for UAVs with missions that cannot be classified into the above.









2.2.5. Range


Range can be an important performance criterion in UAV design and in aircraft in general [19]. However, although the authors initially considered the range amongst the various parameters of this study, it was eventually dropped for a number of reasons. As a start, most fixed-wing UAVs conduct ISTAR missions, where loiter endurance is more important than cruise range, while when it comes to target drones or LM UAVs, cruise range may be calculated for a one-way sortie only. Moreover, in some sources, it is not specified if the maximum range of a given UAV is calculated with full payload or not. Furthermore, in contrast to manned aircraft, UAV range does not refer to the usual performance criterion that maximizes either fuel capacity or aerodynamic and performance efficiency. That is, the operational range of an unmanned vehicle is also constrained by the maximum communications radius and, in turn, by its avionics. Therefore, the data available in the literature concerning the range parameter are not of practical use, simply because each source may refer to a different definition. For example, some of the manufacturers give an indicative range value as a result of performance calculation and others as telecommunication systems limitations.



To support these arguments, the example of Guardian Eye is given, which is an electrically powered mini UAV with a marketed range of 46.3 km. At the same time, its endurance is given to up to 4 h (with solar panels) with a cruising velocity of 85 km/h [35]. It is apparent that the operational radius is constrained by non-performance factors and the exact configuration (with or without supplementary solar panels) is not specified in its datasheet.




2.2.6. Other Parameters


This section refers to parameters that may be of interest for UAV designers but are either not well documented, or that apply to very few UAVs, at least for the time being. A typical example is the “low observability” parameter. All these special parameters are logical variables since, for example, a fixed-wing UAV can either be designed for low observability (marked as “true”) or not (marked as “false”).





2.3. Correlation Coefficients Calculation and Initial Parameters Screening


To identify possible correlations between the dataset parameters, the heatmap presented in Figure 2 was utilized [26]. Figure 2 is a graphic representation of the Spearman rank correlation coefficient, which measures the strength and direction of the monotonic relationship (whether linear or not) between two variables. The resulting coefficient ranges from −1 to +1, where −1 indicates a perfect negative monotonic relationship, 0 indicates no relationship, and +1 indicates a perfect positive monotonic relationship. It is defined as the Pearson correlation coefficient between the rank variables (Equation (1)).


    r   s   =   ρ   R ( X ) , R ( Y )   =   c o v ⁡ ( R ( X ) , R ( Y ) )     σ   R ( X )     σ   R ( Y )      



(1)







Utilizing Figure 3, it can be shown that there is a strong correlation between some variables (e.g., GTOW and payload weight, wingspan and GTOW), indicating that those combinations can be further analyzed. The parameter combinations that do not have a well-defined linear correlation are excluded from the overall analysis for the rest of this study.




2.4. Statistical Methods and Trends Fitting


To extract useful trends from the dataset created, the least squares methodology is implemented in the current work. Ordinary least squares (OLS) is a well-established statistical technique for finding the best-fitting line or curve to represent a set of data points. By calculating the sum of squared errors between predicted and actual values, OLS [36,37,38] minimizes this value to identify the best-fitting line or curve (Equations (2)–(6)). This widely used method is presented in several textbooks [31,32,33] and is helpful for better understanding the relationships between variables and making more accurate predictions. OLS has been applied in similar research papers regarding UAV databases and sizing correlations [24].
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  E x p o n e n t i a l : y = A   e   B x    
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  L o g a r i t h m i c : y = A   ln  ⁡  x   + B  



(6)







Two approaches are used with the dataset, depending on whether the variable to be fitted shows great dispersion or not. In case this statement is true (e.g., wingspan versus gross takeoff weight (GTOW)), a logarithmic transformation is conducted to the data for the fitting process to be smoother. If not, then the fitting process continues uninterrupted. To determine the most suitable correlation between UAV parameters, the aforementioned OLS method is used, with the parameters either logarithmically transformed or not, onto the 4 determined curve types. In the case of the transformed data, the best-fitted curve has to be transformed back to the physical plane and thus changes its form (e.g., a linear curve in the logarithmic plane, should be a power curve in the physical). Assisting the fitting process, the Python® machine learning library Scikit-Learn [39] was implemented. As criteria to determine the most suitable curve, the R2 term is utilized, by splitting the available data into fitting and testing ones with a 75–25% distribution, using the fitting ones for the fit process and then checking the curve fitted with the testing ones.



Box plots, bar charts and pie charts are utilized as additional tools to further explore the nature of the dataset parameters. Bar charts and pie charts are created to identify the market trends or gaps through the years for qualitative parameters, such as low observability and satellite communication system (SatComm). Moreover, box plots are used as a statistical means to show the dispersion of the data [36], which is also a very important metric to evaluate the fitting in addition to the R2. The main attributes of a box plot are the box itself, the median line, the whiskers and the possible outliers.




2.5. Initial Results and Method Evaluation


To evaluate the suggested methodology, some preliminary results of this work are compared against existing data from the literature. This comparison leads to a very interesting observation that, to a large extent, defines a large part of the approach of this study and strengthens the motivation.



Indicatively, as shown in Figure 4 and Table 3, the in-house generated trendline for the “wingspan vs. GTOW” dataset is compared against the trendline calculated in Ref [24]. Note that the two results achieve a very high prediction accuracy and are in very good agreement with each other. Any minor deviations are attributed by the authors to the different dataset entries, since the two studies do not have a common database. As a next step, the authors applied these trendlines to predict the wingspan parameter for a given GTOW value, for several UAVs that belong in different NATO categories. Some typical results are shown in Table 4. Note that the exact same trendlines that, as described above, adequately represent the general sample are not as accurate for all NATO categories alike. For example, although a single-digit accuracy is achieved for the mini category, the predictions deviate considerably for larger UAVs, reaching as much as 40% for the tactical category.



As discussed in the introduction, it is highly likely that, by applying a regression to all the data alike, the individual information in-between is “smoothed-out”, rendering the general trendlines insufficient. However, when it comes to developing a new fixed-wing UAV, the mission requirements (e.g., useful payload capacity) will usually point to a range of NATO categories, if not to a specific one. Therefore, the corresponding design engineer (or design team) will not be looking for “fixed-wing UAV design trends” in general, but for the trends and data that apply to their specific design case.



Summing up, based on these preliminary results, the reader is advised to evaluate each chart separately and not to only rely on the generic UAV trendlines. Dot plots and box plots are also provided as a statistical means to show the dispersion of the data [37], which, in some cases, is also a very important metric to better define the corresponding design space and evaluate the fitting (apart from R2).





3. Results


The results section begins with an overview of the statistical data regarding the documented UAV missions (Figure 5). The results indicate that the predominant mission for fixed-wing UAVs (74%) is related to intelligence, surveillance, target acquisition and reconnaissance (ISTAR). A 13.4% is related to combat missions, while single-digit percentages correspond to LM and target drones. Due to the clear tendency of the fixed-wing UAV fleet towards the ISTAR missions, no technical charts are going to be presented with regard to the primary mission type.



3.1. General Results: Key Geometrical, Aerodynamic and Performance Parameters


This section is dedicated to the analysis of the key technical parameters. For every parameter, the results are initially presented for all UAVs alike, followed by the NATO categories and regional classifications. More specifically, in the first charts of Section 3.1, the technical parameters of wingspan and weights are discussed, along with the critical weight design ratios. Concerning the latter, the fundamental relation shown in Equation (7) is used as a reference point [19,33].


    W   0   =     W   crew   +   W   payload     1 −     W   f   /   W   0     −     W   e   /   W   0        



(7)







Note that W0 stands for GTOW, the ratios Wf/W0 and We/W0 for the fuel and empty weight fractions and Wcrew is the crew weight that in UAV design is, by definition, set to zero. Correlations regarding the payload weight and empty weight are investigated. Moreover, the empty weight ratio (We/W0) is also analyzed as one of the most critical parameters that need to be estimated during conceptual design [19]. The analysis of the fuel weight ratio, however, is not as straightforward, since a common UAV operator strategy is to exchange between payload (for maximum effectiveness and/or sensing) and fuel (for maximum flight time), depending on the mission. Therefore, the approach of [24] is employed, and the parameter of Wp · E is discussed, where E stands for endurance (flight time). Finally, the cruise speed and service ceiling parameters are also plotted as a function of GTOW. Note that, as mentioned in Section 2.4, the authors opted to use dot plots to highlight the large sample dispersion and to provide as much information to the reader as possible.



Figure 6 shows the wingspan as a function of GTOW with respect to the NATO classification, while Table 5 sums up the corresponding statistical and correlation results. As also discussed in Section 2.4, the trendline fitting is sufficient in the general category, achieving an R2 of 0.8. However, when each NATO category is individually investigated, the fitting changes considerably. This can be attributed to the inherently large dispersion inside the NATO UAV categories, which is smoothed-out when examining the general dataset. Although a statistical fit might not seem good for a statistics expert, in the field of UAV design this should not be considered a negative result. Instead, in the eyes of a design engineer, this translates to a larger design space for the given category, which would not be available if only the general trendline was taken into account.



Figure 7 shows the wingspan as a function of GTOW with respect to region of origin. The data dispersion regarding the wingspan as a function of GTOW correlation for different regions of origin is very high. However, this chart can be used to extract certain market conclusions regarding each region. For example, the largest UAVs in terms of wingspan and GTOW have been developed in the United States, whereas the rest of the American continent develops platforms that are smaller in size and weight.



Figure 8 shows the GTOW as a function of payload weight for the general category, while Figure 9 shows the same correlation with respect to NATO classification. Supplementary Table 6 sums up the statistical and correlation results for the GTOW against payload weight analysis. In Figure 8, it can be noticed that there is a very strong power fitting between GTOW and payload weight in the general category, with an R2 equal to 0.965. A very good fitting is also achieved in the MALE classification, where the dispersion of available data is low. Τhe rest of the fittings appear to have a better R2 compared to Table 4, but a considerable dispersion is still present when observing each NATO category individually, leading to the conclusion that the designers need to be more careful when following the trendlines available in previous studies.



Figure 10 shows the GTOW as a function of payload weight with respect to region of origin. No major conclusions can be drawn from this chart, other than that all regions follow more or less the same trend and that no region shifts its data to a specific plot area.



Figure 11 shows the data scatter for the empty weight parameter as a function of GTOW, and Figure 12 shows the same distribution with respect to NATO classification. Table 7 sums up the statistical data regarding the trend fitting for the empty weight as a function of GTOW plots. In this case, the level of confidence for the trendlines is higher, as no R2 is calculated below 0.75 for any NATO category. However, note that this chart shows the We and not the empty weight ratio (We/W0) employed by most design textbooks. Figure 13 shows the empty weight parameter against GTOW per region of origin. As is the case with Figure 11, no major deviations are observed from the main trend for any of the regions.



The next two figures (Figure 14 and Figure 15) are used to present the empty weight ratio as a function of GTOW, for the general category and NATO categorized UAVs, respectively.



Although no sufficient fit can be achieved for the We/W0 against W0 plots, the general trend is decreasing for heavier UAVs, following the overall philosophy presented in aircraft design textbooks for this particular ratio [19,20]. It must be noted, though, that every NATO category presents its own behavior and that UAV designers should consider each of them separately, depending on their respective design study. Figure 16 shows the data scatter for the ratio We/W0 against W0 with respect to region of origin. An interesting observation is that platforms that originate from the USA and Europe follow a quite similar trend, while platforms that originate from Israel feature a steeper trend. On the contrary, Asian UAVs feature an opposite behavior, i.e., where the empty weight ratio increases as the platforms get heavier.



As discussed in the beginning of the section, for a given empty weight value, UAVs can potentially switch between larger payload capacity or fuel, i.e., flight time. To evaluate this potential, Figure 17 and Figure 18 show the product of payload weight times the given endurance as a function of GTOW, while Table 8 sums up the statistical data regarding the trend fitting.



In these plots, clear trendlines exist for the general sample as well as for larger categories of the NATO classification system. Once again, given the large dispersion of the categories that are smaller in weight, it should be noted that, apart from R2, the UAV designers should also take into consideration the range of the data, before evaluating a design against the suggested trendlines and finalizing their design choices during the conceptual design phase. Figure 19 shows the product of payload weight times the given endurance as a function of GTOW per region of origin. It is observed that, in general, all regions follow the same trendline. USA, Israel and Europe span the entire range of the chart, from the lowest to the highest values of GTOW, indicating market presence in all NATO categories. The American continent has a strong presence in the region of lower GTOW and, consequently lower Wp · E products, while Asia focuses on higher GTOW. This can possibly indicate either a design philosophy or a marketing approach.



Figure 20 and Figure 21 present the cruise speed parameter as a function of GTOW, while Table 9 sums up the corresponding statistical results.



The cruise speed parameter is a typical example where the categories deviate significantly from the general trendline. It is apparent that the analyzed UAV sample depicts a large dispersion that can be explained based on that the cruise speed is dependent both on the airframe, as well as on the sensors and mission. Figure 22 depicts the same parameters with respect to region of origin. UAVs developed in Israel appear to have a common approach, featuring cruise speeds between 100 km/h and 200 km/h from a GTOW range between 10 kg and 1000 kg. UAVs developed in Europe and Asia, on the other hand, feature a large dispersion above 100 kg. Several Asian platforms, in particular, have a documented cruise speed that exceeds 800 km/h, indicating that they have been designed to operate in compressible flow conditions, at least based on their documentation. The USA and the rest of the American continent feature well-established trendlines, with the platforms marked in yellow concentrated again at the lower right corner of the data.




3.2. Results per EIS


In the current section, the UAVs are grouped in regard to their EIS in four major periods. The first one corresponds to the early UAV designs, i.e., the few platforms that were in service before 1995. The 1995–2005 and 2005–2015 periods contain the majority of UAVs and, as such, can be used to generate safer conclusions. The last period corresponds to the last decade of UAV design and, even though some operational examples exist, the data in the literature are considerably fewer when compared to the previous two periods. Indicatively, 12, 31 and 79 UAV models belong in the first, second and third periods, respectively, whereas only 16 are available for the fourth period (Appendix A). As also discussed in the introduction, the models considered in this section are 138, since the EIS dates are not available for the rest 64.



It must be noted at this point that, especially concerning the last decade, the authors have limited access to fixed-wing UAV data. This is possibly attributed to the fact that, since many of the new UAV projects are still under development, their information released to the general public is limited for safety reasons. However, the scientific approach and analysis methods suggested in this work can potentially be applied to any UAV database, e.g., in a few years’ time when more data will be available. For the time being, it was decided to omit the last period altogether, so as not to generate inaccurate conclusions concerning the trends of the examined parameters.



Six box plots (Figure 23, Figure 24, Figure 25, Figure 26, Figure 27 and Figure 28) are used to present the progression of key technical parameters through the years, per NATO category. Note that, in some of these plots, the logarithm of the corresponding parameter is presented so that the results enhance the datagrams visualization and comprehensibility.



Figure 23 shows the GTOW progression for the five NATO categories. In terms of GTOW, the small, tactical and MALE categories have a constant presence throughout the years. However, in the last of the examined decades, these three categories tend to deviate from one another and the boundaries between the three become clearer, at least in terms of GTOW. The micro-mini and HALE categories did not exist before 1995, indicating technology was not mature enough. In the last two decades, there has been a large expansion of the design space in terms of GTOW, with the HALE mean increasing by 50.4% and the micro-mini decreasing by 21%. The whiskers in the last examined decade have a larger dispersion, especially for the MALE and HALE categories, indicating an expansion of the design space regarding these categories. It is evident that there is a potential overlap between NATO categories, particularly in Class III, as discussed in Section 2.2.1. Therefore, it is important to consider the flight altitude as well, to accurately determine the appropriate NATO category for a given UAV. This is because some UAVs with greater service ceilings (HALE) may not necessarily be heavier than their MALE counterparts. The reader is advised to take this into account when analyzing the data.



Figure 24 presents the ratio of the payload weight to GTOW per NATO classification, in 10-year intervals. It is observed that the micro-mini categories have an almost constant mean of 0.2. However, the dispersion has increased dramatically from 2005 onwards, indicating that more models of this category are being introduced within a greater design space. The small category fluctuates between 0.2 and 0.25 as the corresponding ratio slightly increases (24%), and their box dispersion decreases. For the tactical category, the mean appears in the same range, although with an exact opposite trend, i.e., the mean decreases (28%), and the box dispersion increases. Lastly, the MALE and HALE categories are below 0.2. Their mean values remain practically constant, and their box dispersion decreases.



Figure 25 presents the evolution of the We/W0 ratio for all NATO categories, where no specific tendency can be observed for the mean and median values of the distribution. The results indicate that the empty weight fraction of the MALE and HALE categories appears to be decreasing, suggesting a market trend towards higher payload and fuel weight fractions. The decrease in empty weight fraction can be attributed to the improvements in material sciences and UAV manufacturing techniques [19,20]. However, it is important to note that the dispersion of the sample has increased in recent years; therefore, researchers and design engineers are advised to proceed with caution when using a general trendline for future UAV designs.



Figure 26 presents the evolution of the Wp · E product, per NATO category, as a function of EIS. A logarithmic scale is employed so that a better visualization of the results is possible. The results of this chart can be used complementarily to the ones of Figure 25, indicating that UAV operational capabilities expand over the years, as the Wp · E product increases for most categories. Combining this observation with the fact that the ratios of Wp over W0 remain more or less constant (Figure 24), it can be suggested that the UAV market is prioritizing increasing flight times (endurance).



Figure 27 and Figure 28 show the progression of cruise and maximum speed, respectively, as a function of EIS, per NATO classification. One interesting finding is that in the first two decades, the cruise speed parameter for all categories is similar, with only HALE platforms deviating. However, in the 21st century, an increasing deviation is observed. Similarly, for the maximum speed, the small, tactical, and MALE categories are grouped together before 1995, while in the 2005–2015 decade, a clearer trend emerges, indicating that larger UAVs have a higher maximum speed.



The last chart of this section (Figure 29) shows the number of UAV platforms that have been introduced in the past three periods per region. The regions of America and Europe present a steady advancement. Africa and Oceania have fewer entries in this chart, while in Asia it appears that UAV development has boomed since the beginning of the century. Note that the entries from USA and Israel do not appear to increase at the same pace, although both are amongst the pioneering nations in UAV development (first period). However, this chart only shows the number of new entries (i.e., new fixed-wing UAV models) per EIS period and does not show the number of units produced, as the latter is not a publicly available value. Therefore, this lack of new entries for the USA and Israel may be attributed to the high maturity of UAV technology in these regions. That is, a few well-designed fixed-wing UAV models may be enough to carry out the required missions, if produced in large numbers.




3.3. Other


Figure 30 is used to present the percentage of fixed-wing UAVs that have satellite communications per NATO category. The micro-mini and small categories feature the smallest percentages, which is partially expected, due to the relatively large weight of the corresponding avionics. On the contrary, almost half of the fixed-wing UAVs of the HALE category have SatComm, which also allows them to fly longer distances and cover strategic ISTAR operations [18].



Figure 31 presents the percentage of fixed-wing UAVs that are designed for low observability, per NATO category. In a similar observation to the SatComm chart, only the largest of UAVs seem to have been designed for low observability. This can be attributed to the fact that smaller platforms are, by definition, not easily detectable by radar. Therefore, designing them for low observability provides little-to-no additional benefits. Moreover, the vehicles of NATO Class III are substantially larger and more expensive assets that have to be more protected against enemy air defense systems.



Finally, the authors also considered including airworthiness as a qualitative parameter. Given the very recent changes in UAV legislation, as of 2022, all UAVs that operate inside the European Union countries must have a Type Certificate (TC) [40]. However, the only conclusion resulting from the corresponding investigation is that, as of today, no fixed-wing UAV has a TC from an aviation authority, either civilian or military.





4. Discussion and Conclusions


In this work, an analysis and evaluation of fixed-wing UAV correlations with respect to NATO classification, region of production, entry-into-service (EIS) date and other key operational specifications is conducted. An in-house database is populated using a set of 202 existing fixed-wing UAVs and a statistical analysis is performed, using a combination of charts and coefficients. The key conclusions are presented as follows:




	
As of today, the majority of UAVs currently in operation are used to perform missions related to intelligence, surveillance, target acquisition and reconnaissance.



	
The statistical analysis of the key design parameters and ratios indicated that the NATO classification should not be omitted when generating the corresponding trends. More specifically, it was observed that, when examining the general dataset, the trendlines have a considerably better fitting than the trendlines calculated for each category separately. However, new design projects are usually based on a given set of requirements that points towards a specific NATO category (or a range of adjacent categories). Therefore, as interesting as these general dataset fittings may be from a statistical point of view, they are of little practical use. The calculations for the corresponding category should be employed instead of the “nice”, but misleading, fittings calculated for the general dataset.



	
As discussed in the previous point, the data for several design parameters and ratios present a considerable dispersion. Therefore, apart from considering the corresponding trendlines and coefficients, the design engineers are advised to refer to charts such as dot and box plots, where the data dispersion can be quantified and the overall design space is better defined for each variable and NATO category.



	
Considering the EIS date parameter for the statistical analysis has provided some interesting conclusions. The empty weight trends indicate that better materials and processes are employed for fixed-wing UAV manufacturing, leading to decreased empty weight ratios over time. Moreover, the payload-weight-times-endurance product, Wp·E, increases over time for most categories. Combining the above observation with the fact that the ratios of payload weight over GTOW remain practically constant, it can be suggested that the UAV market prioritizes increasing flight endurance.



	
Concerning the operational parameters, the majority of fixed-wing UAVs that support satellite communication belong either to the HALE or to the MALE categories, followed by the tactical one. When it comes to low observability, the list is even more confined, since only UAVs that belong to the HALE and MALE categories are identified with such features. Moreover, even though the European legislation dictates that all fixed-wing UAVs operating in the continent should be airworthy, no such platform exists yet.








There are several areas for future work. For example, further research could be conducted to expand the database to include additional UAVs and parameters, such as cost, reliability and maintainability, as well as to further populate the existing ones. The authors would like to deepen their research activities in an attempt to better capture the correlations and provide better guidelines to designers. To that end, the current database can be used to train machine learning algorithms capable of providing any underlying trends. Finally, the authors suggest that a corresponding study should also be conducted in approximately ten years’ time so that reliable data can also be extracted for the current age.
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Appendix A


The appended UAVs are models that entered into service after 2015. As is evident, the model count is barely at double digits, therefore no reliable statistical data can be extracted for this period. This indicates that, in the current age (2015–2025), reliable information can be extracted for the previous decade. Consequently, the authors suggest that a similar analysis should be conducted in ten years’ time, to provide an update on the corresponding data and trends.
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Table A1. UAVs models that entered into service after 2015 and their respectivre specifications.
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	UAV
	Region
	NATO Class
	EIS
	Mission Type
	Span [m]
	Cr. Speed [km/h]
	Max Speed [km/h]
	Max Range [km]
	Endurance [h]
	Service Ceiling [ft]
	GTOW [kg]
	Payload [kg]
	Low Observ.
	SatComm





	Wing Loong 10
	Asia
	HALE-Strike
	2016
	UCAV
	20
	N/A
	620
	N/A
	20
	49,000
	3200
	N/A
	no
	yes



	CH6
	Asia
	HALE-Strike
	2021
	UCAV
	N/A
	N/A
	N/A
	N/A
	18
	N/A
	7800
	1700
	no
	no



	CH7
	Asia
	HALE-Strike
	2019
	ISTAR strategic
	22
	N/A
	885
	3500
	N/A
	32,808
	12,250
	N/A
	yes
	no



	Cacador
	America
	MALE
	2016
	ISTAR strategic
	16.6
	N/A
	207
	350
	40
	30,000
	1270
	250
	no
	yes



	CH5
	Asia
	MALE
	2017
	ISTAR strategic
	21
	N/A
	480
	1000
	40
	29,525
	3100
	1000
	no
	yes



	CH6
	Asia
	MALE
	2021
	ISTAR tactical
	N/A
	N/A
	N/A
	N/A
	21
	N/A
	7800
	2000
	no
	no



	Rustom 2
	Asia
	MALE
	2019
	ISTAR strategic
	20.6
	180
	225
	350
	N/A
	22,000
	1800
	N/A
	no
	yes



	Carcara
	America
	micro-mini
	2016
	ISTAR tactical
	1.6
	40
	50
	60
	1.5
	8200
	9
	2
	no
	no



	Ai Bird KC - 2000
	Asia
	micro-mini
	2017
	ISTAR tactical
	2
	110
	140
	60
	4
	15,100
	9
	2
	no
	no



	EOS
	Europe
	micro-mini
	2017
	ISTAR tactical
	3.5
	70
	100
	17
	2
	1300
	8.4
	1.5
	no
	no



	AMEL
	Africa
	small
	2016
	ISTAR tactical
	3.62
	115
	150
	240
	6
	11,500
	50
	20
	no
	no



	Sharp sword
	Asia
	HALE-Strike
	2019
	UCAV
	14
	N/A
	N/A
	15,000
	48
	N/A
	1800
	N/A
	yes
	yes



	Cloud Shadow
	Asia
	HALE-Strike
	2016
	UCAV
	11
	N/A
	620
	290
	6
	46,000
	3000
	400
	no
	yes



	Shahed 129
	Asia
	HALE-Strike
	2017
	UCAV
	N/A
	175
	300
	200
	24
	25,000
	990
	400
	no
	N/A



	KUS 7
	Asia
	tactical
	2016
	ISTAR strategic
	4.2
	150
	180
	50
	N/A
	14,000
	Ν/A
	N/A
	no
	yes



	KUS 9
	Asia
	tactical
	2016
	ISTAR strategic
	4.5
	130
	200
	50
	N/A
	8200
	150
	N/A
	no
	no
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Figure 1. Methodology flowchart. 
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Figure 2. Percentage of UAV database entries per region (out of 202 total UAVs). 
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Figure 3. Parameters Spearman rank correlation coefficient heatmap, used to investigate potential correlations between the acquired data. 
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Figure 4. Span as a function of GTOW for the general sample category. 
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Figure 5. Fixed-wing UAV missions. 
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Figure 6. Wingspan as function of GTOW with respect to the NATO classification. Dark red color is used for the trendline of the entire sample, while the rest of the colors are used for the respective classes and coincide with the bullets color code, as explained in the legend. 
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Figure 7. Wingspan as a function of GTOW with respect to region of origin. 
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Figure 8. GTOW as a function of payload weight for the general category. 
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Figure 9. GTOW as a function of payload weight with respect to NATO classification. The color code is identical to the one described in Figure 6. 
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Figure 10. GTOW as a function of payload weight with respect to region of origin. 
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Figure 11. Empty weight as a function of GTOW for the general category. 
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Figure 12. Empty weight as a function of GTOW with respect to NATO classification. The color code is identical to the one described in Figure 6. 
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Figure 13. Empty weight as a function of GTOW with respect to region of origin. 
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Figure 14. Empty weight divided by GTOW as a function of GTOW for the general category. 
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Figure 15. Empty weight divided by GTOW as a function of GTOW with respect to NATO classification. 
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Figure 16. Empty weight divided by GTOW as a function of GTOW with respect to region of origin. 
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Figure 17. Wp · E as a function of GTOW. 
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Figure 18. Wp · E as a function of GTOW with respect to NATO categories. 
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Figure 19. Wp · E as a function of GTOW with respect to region of origin. 
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Figure 20. Cruise speed as a function of GTOW for the general category. 






Figure 20. Cruise speed as a function of GTOW for the general category.



[image: Aerospace 10 00382 g020]







[image: Aerospace 10 00382 g021 550] 





Figure 21. Cruise speed as a function of GTOW with respect to NATO classification. The color code is identical to the one described in Figure 6. 
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Figure 22. Cruise speed as a function of GTOW with respect to region of origin. 
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Figure 23. GTOW EIS progression per NATO category. 
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Figure 24. Payload weight over GTOW ratio EIS progression per NATO category. 
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Figure 25. Empty weight ratio EIS progression per NATO category. 
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Figure 26. Wp · E product EIS progression per NATO category. 
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Figure 27. Cruise speed progression. 
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Figure 28. Maximum speed progression. 






Figure 28. Maximum speed progression.
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Figure 29. Number of UAVs introduced per region per EIS. 
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Figure 30. UAVs equipped with satellite communication systems per NATO category. 
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Figure 31. UAVs designed for low observability per NATO category. 
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Table 1. Previous UAV database studies.






Table 1. Previous UAV database studies.





	Research
	Sample
	Strengths
	Shortcomings





	Raymer [19]
	N/A
	Well-established design trends
	Focused on manned aircraft



	Gomez-Rodriguez et al. [22]
	398
	Focused on layout specification and size
	No mission classification/lack of standardized size (NATO) classification



	Verstraete et al. [24]
	856
	Large dataset/focused on key design parameter correlations
	No mission or size classification



	Alulema [25]
	N/A
	Detailed propulsion system review
	No information on platform classification



	Bajwa et al. [26]
	41
	Novel AI-based approach
	Limited dataset/lack of mission or size classification
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Table 2. NATO UAV classification.






Table 2. NATO UAV classification.





	
Class

	
Category

	
GTOW

	
Employment

	
Altitude

	
Mission Radius

	
Example






	
Class I

	
Micro

	
<2 kg

	
Tactical subunit

	
<200 ft

	
<5 km

	
Dragon Eye




	
Mini

	
2 kg–15 kg

	
Tactical subunit

	
<3000 ft

	
<25 km

	
EOS




	
Small

	
15 kg–150 kg

	
Tactical unit

	
<5000 ft

	
<50 km

	
Orbiter




	
Class II

	
Tactical

	
150 kg–600 kg

	
Tactical formation

	
<18,000 ft

	
LOS

	
Shadow




	
Class III

	
MALE

	
>600 kg

	
Operational

	
<45,000 ft

	
BLOS

	
X47




	
HALE

	
>600 kg

	
Strategic

	
<65,000 ft

	
BLOS

	
Global Hawk




	
Strike

	
>600 kg

	
Strategic

	
<65,000 ft

	
BLOS

	
Avenger
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Table 3. Reference dataset trend factor results and comparison of the corresponding literature [24].
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	R2
	A
	B
	n
	Type of Fitting





	Reference [24]
	0.76
	0.828
	0.37
	836
	Power



	Current study
	0.811
	0.962
	0.342
	202
	Power
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Table 4. Indicative results for UAVs of different NATO categories (“Current”) and comparison with the actual values (“Actual”) and the reference literature [24] (“Ref.”).






Table 4. Indicative results for UAVs of different NATO categories (“Current”) and comparison with the actual values (“Actual”) and the reference literature [24] (“Ref.”).





	UAV
	Region
	GTOW
	Span (Actual)
	Span (Ref.)
	Span (Current)
	Error (Ref.)
	Error (Current)





	Stardust 2
	Chile
	5
	1.5
	1.50
	1.57
	0%
	4%



	Yasir
	Iran
	25
	2.36
	2.72
	2.85
	15%
	21%



	HERTI
	UK
	340
	11.99
	7.16
	7.50
	−40%
	−37%



	CH5
	China
	3100
	21
	16.2
	17.05
	−23%
	−19%



	Mantis
	UK
	9000
	20
	24
	25.32
	20%
	27%
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Table 5. Statistical data regarding the trend fitting for the wingspan vs. GTOW plots.
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	R2
	A
	B
	n
	Type of Fitting





	All
	0.81
	0.962
	0.342
	202
	Power



	Micro-Mini
	0.47
	0.866
	0.464
	40
	Power



	Small
	<0.2
	0.619
	1.473
	65
	Logarithmic



	Tactical
	<0.2
	0.633
	0.408
	45
	Power



	MALE
	0.37
	0.871
	0.376
	29
	Power



	HALE-Strike
	0.34
	0.836
	0.371
	23
	Power
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Table 6. Statistical data regarding the trend fitting for the GTOW as a function of payload weight plots.
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	R2
	A
	B
	n
	Type of Fitting





	All
	0.97
	5.312168
	0.972
	0.9646
	Power



	Micro-Mini
	0.49
	5.5862
	0.588
	0.4869
	Power



	Small
	0.73
	9.2055
	0.6944
	0.734
	Power



	Tactical
	0.69
	20.78019
	0.634
	0.689
	Power



	MALE
	0.94
	25.45724
	0.692
	0.935
	Power



	HALE-Strike
	0.57
	2.464527
	1.131
	0.568
	Power
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Table 7. Statistical data regarding the trend fitting for the empty weight as a function of GTOW plots.
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	R2
	A
	B
	n
	Type of Fitting





	All
	0.88
	0.8105
	0.9425
	202
	Power



	Micro-Mini
	0.89
	0.7828
	0.9666
	40
	Power



	Small
	0.88
	0.5307
	1.0418
	65
	Power



	Tactical
	0.91
	0.2464
	1.1726
	45
	Power



	MALE
	0.85
	0.3778
	1.053
	29
	Power



	HALE-Strike
	0.76
	4.829
	0.73
	23
	Power
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Table 8. Statistical data regarding the trend fitting for the Wp · E vs. GTOW plots.






Table 8. Statistical data regarding the trend fitting for the Wp · E vs. GTOW plots.













	
	R2
	A
	B
	n
	Type of Fitting





	All
	0.905
	0.313
	1.33
	202
	Power



	Micro-Mini
	0.2691
	0.213
	1.271
	40
	Power



	Small
	0.433
	3.297
	0.86
	65
	Power



	Tactical
	0.355
	1
	1.15
	45
	Power



	MALE
	0.814
	0.109
	1.538
	29
	Power



	HALE-Strike
	0.829
	16.053
	0.829
	23
	Power
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Table 9. Statistical data regarding the trend fitting for the cruise speed vs. GTOW plots.






Table 9. Statistical data regarding the trend fitting for the cruise speed vs. GTOW plots.













	
	R2
	A
	B
	n
	Type of Fitting





	All
	0.559
	45.604
	0.235
	202
	Power



	Micro-Mini
	0.691
	40.447
	0.266
	45
	Power



	Small
	<0.2
	33.006
	0.333
	60
	Power



	Tactical
	<0.2
	−0.131
	224.25
	45
	Linear



	MALE
	<0.2
	5.009
	0.493
	29
	Power



	HALE-Strike
	0.86
	6.848
	0.487
	23
	Power
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
In Vo)

6s

ss

as

3s

B micro-mini 0 small @ tactical [ MALE B HALE stk

Bl

[

i +_-!

ass

19952005
A

20052015





media/file8.jpg
100

0

o 1 1 10 1000 10000 100000
GToW (ke]





media/file48.jpg
05
o4
04
03
03
02
02
o1
o1
005

Ead

T

B micro-mini B small B tactical B MALE B HALE:strike

By

ass

19952005
s

20052015





media/file27.png
Empty weight [kg]

10,000

® Africa . 0 o
America ¢
o’ ®
® Asia
1,000 o0 ®
O °
Europe o ®
o0 ®
® |srael ® o ©
® Oceania ."
100 o Q2o
® USA ® o
O
o~)=.
o $
e o
10 ®ec o
®
®e
O
O
O
1
1 10 100 1,000 10,000 100,000

GTOW [kg]





media/file43.png
Cruise speed [km/h]

1,000

100

10

» HALE-Strike

+ MALE
micro-mini
N ~ small
tactical
10 100 1,000 10,000 100,000
GTOW [kg]





media/file61.png
= micro-mini
= small

= tactical

= MALE

m HALE-Strike





media/file12.jpg
Wingspan [m]

100

0

o1

© HALE ke
- mae
< smal

« tactcal

0

10
GTOW (kg)

1000

1000

100000





media/file14.jpg
‘Wingspan (m)

100

10

01

« Africa
- America
- asia

« Europe

“tsrael

- Oceania
usa

0

100
GTow (ke]

1000

10000

100000





media/file35.png
1,000,000

100,000
10,000
=
80
=,
— 1,000
=
100
10
1

°® ® o
®
°
o
° o0
o o o °® .
‘0:0 °
) :o.:
'.. o © .‘ ..
. o © .~o 0: °
o0 o ¢
o .o ¢
C .'
[ ) .. 4
o"o °
o0 o
10 100 1,000 10,000

GTOW [kg]

100,000





media/file20.jpg
-

«nics
o | Amercs %
: * Asia 5 & "\.
ouope
1m0
el Y
E | eowema N
5w
2| wusa
w
o
h 1 w w s o0

Payload weight (k]





media/file53.png
In (W, - E)

16
14
12
10

o N B O 0

] micro-mini [ small [ tactical [ MALE [ HALE-strike

<1995 1995-2005 2005-2015
EIS





media/file5.png
m Africa

m America
m Asia

m Europe
m [srael

m Oceania

m USA





media/file19.png
1,000,000

100,000

10,000

55 1,000
=
e

5 100

10

1

0

© HALE-Strike
* MALE

micro-mini
© small

tactical

10

100
Payload weight [kg]

1,000

10,000





media/file58.jpg
Number of UAVs

%0

80

7

60

50

a0

30

2

10

mAfica = America
mAsia  Europe
misrael  ®Oceania
mUSA

<1995 19952005 20052015
3

20152025





media/file45.png
Cruise speed [km/h]

1,000

100

10

o
® Africa o e ¢ ..
America o o
® Asia o °
e Europe o Yo
e Israel ¢ o ® o o
e Oceania ®e, : X °
USA o0 ece ® % oo e 000 ®
° o0 © 9@ eg xS o &
é ¢ _ ¢° % P
® o
o o o o
o _o
O o *
O
10 100 1,000 10,000

GTOW [kg]

100,000





media/file54.jpg
Intvy

B micro-mini @ small 8 tactical M MALE W HALE-strke

5 ;;P‘H

<ass

19952005
&

20052015





nav.xhtml


  aerospace-10-00382


  
    		
      aerospace-10-00382
    


  




  





media/file11.png
m UCAV

m |[STAR tactical
m [STAR strategic
m Utility

m LM

m Target





media/file41.png
Cruise speed [km/h]

1,000

100

10

GTOW [kg]

° ®
° o ¢ .
O °
®
° ®
®
® ® ®
. ® ° . ®
® ® 9 o0 ©
o0 ¢ 0000 oﬁaoo..ooo
°
° . . o"'oo!" o'o
o ®
"o °
® o o ¢
®
®
10 100 1,000 10,000

100,000





media/file37.png
10,000
1,000
=
&
==
w100
=
10
1

o® o O
° ®
°
o %0
° oo
e o
o o
° °
‘0 .0 °
® o o
o0
%y o
e o
O
O
® HALE-Strike
® MALE
micro-mini
small
e tactical
10 100 1,000 10,000 100,000

GTOW [kg]





media/file46.jpg
In (We)






media/file10.jpg
= UCAV

= ISTAR tactical
ISTAR strategic

= Utility

=M

= Target





media/file40.jpg
Cruise speed [km/h}

1000

10

0

0

100
GTOW (ke

100

10000





media/file16.jpg
100,000

10000

1000

10

GTOW [kg)

0

0 100
Payload weight (kg

1000





media/file3.png
f1 91 747 17 141 MY

UAYV data

Layout

Performance

NATO category —

Region
EIS

Mission

Population

Database

Analysis

Results





media/file22.jpg
Empty weight (kg]

10000

100

10

0

10

10

GTOW [kg]

1000

10000





media/file55.png
In (V)

6.5

55

4.5

3.5

] micro-mini [ small [ tactical [ MALE [ HALE-strike

—

<1995 1995-2005 2005-2015
EIS





media/file25.png
Empty weight [kg]

100,000

10,000

1,000

100

10

© HALE-Strike

© MALE
micro-mini

© small

tactical

10

100

GTOW [kg]

1,000

10,000

100,000





media/file52.jpg
In (W, €)

1s
2

micro-mini @ small B tactical [ MALE I HALE-stike.

ass

1995-2005

20052015





media/file26.jpg
e

1000

0

o afrca .
< America
- .

onsa

« Europe.

1000
1000
)
0

GTOW [kg]

100000





media/file57.png
In (V,.,)

7.5

6.5

55

4.5

3.5

] micro-mini [ small [ tactical [ MALE [ HALE-strike

5B

' ot

X

R o

<1995

1995-2005 2005-2015

EIS





media/file34.jpg
1000000

100000

1000

100

B3

w0

0

100000

10000

GTOW [ke]





media/file60.jpg
micro-mini
= small
= tactical
= MALE

= HALE-Strike





media/file13.png
Wingspan [m]

100

10

0.1

® HALE-Strike
* MALE

micro-mini
~ small

o tactical

10

100
GTOW [kg]

1,000

10,000

100,000





media/file31.png
0.9

0.8

[
o ® ?
® ® ¢
° o ¢
®
®
®
o M
® HALE-Strike * ¢
®
MALE
micro-mini
small
_ O
e tactical
10 100 1,000 10,000

GTOW [kg]

100,000





media/file39.png
W, - E [kg- h]

1,000,000

100,000

10,000

1,000

100

10

°®
o 0§
. <
P Y
g o ¢
O
- ‘.oo 0.
® o0 o0
. o, 00
@ _ o
o @ ¢ o % e Africa
o ® 9o i
. : America
o Aci
g . Asia
O O ® Europe
®
o® ® ® Israel
O
® Oceania
e USA
10 100 1,000 10,000

GTOW [kg]





media/file18.jpg
1,000,000

100000

10000

- HALE Strike
- MALE

< small

« tactical

)

10
‘Payload weight [kg]

1000

10000





media/file9.png
Wingspan [m]

100

10

0.1

- Reference literature

e Current study

10

100
GTOW [kg]

1,000

10,000

100,000





media/file42.jpg
Cruise speed (km/h)

1,000

0

0

- HALE Strike
- MALE

< small
«tactical

0

100
GTOW (ke

1000 10000 100000





media/file23.png
Empty weight [kg]

10,000

1,000

100

10

o0
)
)
L )
e © °
o0 ®
o o °
.I
o ¥
)
% .‘.
%
o ©® o
- ..00 (] ()
®e
0o
10 100 1,000 10,000

GTOW [kg]

100,000





media/file50.jpg
09
08
07

05
04
03
02
o

8 micro-mini @ small B tactcal [ MALE B HALE strike

- b

ass

19952005
-

20052015





media/file36.jpg
elen

1000

0

0

0

1000
GToW (ke

s e
B

o HALE Strke

o MALE

< micro-mini

< small

o tactical
10000 1000





media/file15.png
Wingspan [m]

100

10

0.1

e Africa
~ America ¢ . o
e Asia o o
e Europe ® Q¢ o °
P - &'z .
e Israel o.o.o.o. @ » ®
e Oceania ° S o o..::: [ e
* USA °g ® f‘zt o ®
©° " "‘"?‘ :
oH, o' ® “ . -
® 9 o ‘ o
® [ X ] ° °
Wego 0 ©
o o
—
° @
10 100 1,000 10,000

GTOW [kg]

100,000





media/file28.jpg
WS,

o1

10

10

GTOW [kg]

1000

10000





media/file49.png
] micro-mini [ small [ tactical [ MALE [ HALE-strike

0.5
0.45
0.4
0.35
o 03
2 025
= 02 - < ——
0.15
0.1 —van
0.05
0 ¢
<1995 1995-2005 2005-2015

EIS





media/file2.jpg
UAV data

Layout
Performance

NATO category | Population

Region Database Results

s

Mission






media/file32.jpg
WlWo

o

o ffca & iR
< America
onsa
< urope I
otsrael
«Oceania
ousa J
0 10 1000 10000

GTOW (kg

100000





media/file62.jpg
= MALE

HALE-Strike

75%





media/file59.png
Number of UAVs

90

80

70

60

50

40

30

20

10

MW Africa

M Asia

M Israel

m USA

N

America
M Europe

M Oceania

<1995

1995-2005

2005-2015
EIS

2015-2025





media/file6.jpg





media/file24.jpg
Empty weight ke]

100,000

« HALE Strike
togo |+ MALE
micro-mini
oo | smal i
- tactical
0
1 0 10 100 10000

GTOW [kg)





media/file29.png
W /W,

0.1

°® % . S
(o °
¢ ® . o® o ° ° o .
o © . o
°
® ®
Y ®e o
® o
° °
°
°
®
°
10 100 1,000 10,000

GTOW [kg]

100,000





media/file63.png
m MALE
m HALE-Strike






media/file7.png
Span - 1
Length - 0.9
0.88

Height -

Cruise Speed 0.52

0.55

max Speed

max Range -

max Endurance -

Service ceiling 0.6
GTOW - 0.9
Empty weight - 0.93
Payload - 0.89
Power -
R°

0.9

0.91

0.92

0.9 0.93
0.93 0.95
0.92 0.91
1 0.99
0.99 1
0.99 0.97
0.92
A
O\S\\ -\q‘(\
e
S ¢
¢«

0.89
0.91

0.92

0.99

0.97

0.92

@*\Oad

Q0

0.92

0.92

<

- 1.0

-0.9

-0.8

- 0.7

- 0.5

- 0.4





media/file33.png
GTOW [kg]

® ® o
° O
o ¢ ° ® o o, o ¥ ° °
o .. ®o o
Py o
o, °
AFri L ® ®
® Africa
i} . ° o O
= America
~
= ® Asia
o

® Europe

® Israel

® Oceania

® USA

O
0.1
1 10 100 1,000 10,000

100,000





media/file44.jpg
Cruise speed [km/h]

10

10

o afica
< America
o ssia

« Europe
o srael

© Oceania
cusa

10

)
GTOW [kg]

1000

10000





media/file47.png
In (W)

=
O

O Rr N W & U1 OO N 0O O

K

=72

] micro-mini [ small [ tactical [ MALE [ HALE-strike

]

-
=

= =2

<1995

1995-2005
EIS

2005-2015





media/file38.jpg
Wo- Elkg:h]

1,000000

100000

10000

0

0

o Africa
< America
onsia

o urope
etsracl

< Oceania
eusa

GTow kel

100

1000





media/file0.png





media/file17.png
100,000

10,000

GTOW [kg]

1,000

100

10

®
° . e
® o ) ..
. °
o8 8
° ®
..o‘ ° . !o
°
..; ?O.&O
. ° ::.00.3 ®
[ P 00. .}.
o0 o» &
!: '.. o o
o' o$ $
® ¢
1 1 0 1,000 10,000

0 10
Payload weight [kg]





media/file4.jpg
m Africa

= America
= Asia

= Europe
= Israel

= Oceania

= USA





media/file30.jpg
 HALE Strke o .
- MALE
« micro-mini .
< smal
« tactical
10 1000 10000

10 Grow (kg





media/file51.png
W, /W,

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

K

+

-ﬁ
.
+

] micro-mini [ small [ tactical [ MALE [ HALE-strike

i—F-F

<1995

1995-2005
EIS

2005-2015





media/file21.png
100,000

10,000

1,000

100

GTOW [ke]

10

® Africa
America

® Asia

® Europe

® Israel

® Oceania

e USA

1 10 100
Payload weight [kg]

1,000 10,000





