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Abstract

:

Autonomous driving is becoming a pivotal technology that can realize intelligent transportation and revolutionize the future of mobility. Various types of sensors, including perception sensors and localization sensors, are essential for high-level autonomous and intelligent vehicles (AIV). In this paper, the characteristics of different sensors are compared, and the application characteristics and requirements of AIV are analyzed in depth. These analyses indicate that: GNSS, as the unique localization sensor that can obtain an absolute position, can not only provide all-weather position and time information for internal multi-sensor fusion but also act as a standard spatiotemporal reference for all autonomous systems; Furthermore, AIVs aim to provide safety for a mass user base ranging from tens to hundreds of millions; for this, AIVs require a global wide-area and instantaneous precise positioning service with location privacy protection. Based on a “geometry-bound” description of road grade and vehicle size, it has been found that GNSS requirements in autonomous vehicles include decimeter-level positioning with the assurance of high integrity. Combined with high-integrity GNSS implementation in the civil aviation field, GNSS different technology routes, and commercial solutions, a state space representation (SSR)-based GNSS high-precision augmentation positioning solution for AIV is summarized and introduced. The solution can achieve instantaneous, precise positioning with high integrity in a wide area by utilizing passive positioning mode with location privacy protection. In addition, the research progress on key technologies in the solution and existing challenges is investigated in detail by reviewing a series of publications.
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1. Introduction


Unmanned autonomous systems are high-tech, intelligent machines capable of carrying out operations or management by means of advanced technologies and traveling by air, land, or sea without human intervention [1]. With the significant advancement of multi-sensor technology and obstacle detection algorithms, autonomous driving is becoming a pivotal technology that can realize intelligent transportation and revolutionize the future of mobility [2]. According to the definition of the Society of Automotive Engineers (SAE), there are six levels (0 to 5) of vehicles, i.e., Level 0: No Driving Automation, Level 1: Driver Assistance, Level 2: Partial Driving Automation, Level 3: Conditional Driving Automation, Level 4: High Driving Automation, and Level 5: Full Driving Automation [3]. High-level AIV rely on various types of sensors to make logical decisions based on the information gathered, similar to humans [4]. These sensors can be divided into two categories: perception sensors and localization sensors. Perception sensors, e.g., RADAR, LiDAR, ultrasonic, camera, etc., are mainly used to perceive the surrounding environment of the vehicle [5]. However, harsh weather conditions, such as glare, snow, mist, rain, haze, fog, etc., can significantly reduce the performance of purely perception-based approaches for perception and navigation [2], which is a major challenge for AIVs. Therefore, in order to achieve seamless and reliable perception and decision-making, AIVs require not only internal multi-sensor fusion [6,7] but also interoperability with external autonomous systems, e.g., a vehicle road coordination system [5,8], which requires sharing common spatial reference frames and timing [5,9]. Localization sensors include GNSS, IMU, odometry, etc. [10,11]. These sensors, especially GNSS, not only provide all-weather position and altitude information for internal multi-sensor fusion [4], but also provide the only source of globally consistent precise positioning and timing, acting as a standard reference for all autonomous systems [5]. Thus, GNSS is essential for AIVs.



GNSSs, e.g., GPS, GLONASS, BDS, and Galileo, commonly consist of three components: the space segment, the control segment, and the user segment [12]. The positioning principle of GNSS is that the user segment determines its position by measuring the distance from several GNSS satellites to the receiver at the same time. GNSS observations suffer from several errors, including satellite-related ephemeris errors (orbit error, clock error, and signal bias), transmission-related atmosphere delay (ionospheric and tropospheric), and receiver-related observation error, which degrades the positioning accuracy significantly [4,12]. In order to achieve GNSS precise positioning, there are currently two implementation routes: observation space representation (OSR) and state space representation (SSR) [13,14]. OSR uses observations of a reference station directly or uses the derived distance-related corrections to eliminate users’ observation errors based on the high correlation of adjacent GNSS stations’ observations, while SSR uses actual state-space data, i.e., improved ephemeris (orbit and clock, satellite biases), ionospheric and tropospheric models, etc., to represent the complete GNSS state [13].



According to the implementation routes of SSR and OSR, the development of GNSS positioning technology is shown in Figure 1. Single point positioning (SPP), based on pseudorange observations and SSR broadcast ephemeris, the standard positioning service (SPS) provided by GNSS [15,16,17], can deliver global meter-level absolute positioning, which is widely used in the mass market [18] and can be considered the first-generation of positioning technology. On the basis of SPP, precise point positioning (PPP) can achieve global decimeter- or centimeter-level precise positioning after convergence by processing undifferenced (UD) pseudorange and carrier-phase observations from a stand-alone GNSS receiver together with SSR precise ephemeris [19,20]. Developed in the 1990s to fulfill the special needs of the aviation community, the satellite-based augmentation system (SBAS) can improve the user’s positioning performance by broadcasting differential corrections and integrity monitoring information [21]. Thus, it can be considered an augmentation version of the SPS. There are four operational SBAS for aviation, including the UAS’s WAAS, Europe’s EGNOS, Japan’s MSAS, and India’s GAGAN [18]. Currently, the SBAS concept also covers the global correction service based on PPP technology [18], and the construction of an SBAS service for aviation and a global PPP correction service can be coordinated and optimized by employing the same ground tracking network, computing center, and correction information [22]. The SBAS global PPP correction service includes open or authorized precision positioning services provided by GNSS providers, e.g., Galileo’s HAS, QZSS’s CLAS, and BDS’s PPP [14,23,24,25], and other commercial augmentation services provided, e.g., Hemisphere’s Altas, John Deere’s Starfire, Trimble’s RTX and OmniSTAR, Hexagon AB’s VERIPOS, TerraStar, etc. [18].



As mentioned above, OSR routes take advantage of the slowly varying characteristics of ephemeris errors and ionospheric and tropospheric delays with timing and the strong correlation between the user and the reference station. The pseudorange-based differential GNSS (DGNSS) technique can obtain meter-level positioning by computing and broadcasting either corrections to the position or to the measurements [26], whereas the carrier-phase-dominated real-time kinematic (RTK) technique can achieve centimeter-level precise positioning by relying on double-differenced (DD) ambiguity resolution [27]. On this basis, LAAS, known as a GBAS, is developed for aircraft approach and landing and can guarantee the positioning requirements of aircraft in different flight categories together with WAAS [28]. As an effective means to overcome single-base RTK’s distance limit of 10–20 km between reference station and rover receiver, CORS, another high-precision GBAS service based on network RTK (NRTK), can extend the distance to about 75 km and can provide service for a larger area [26].



PPP-RTK, an innovative PPP using SSR in RTK networks [13,29], can achieve rapid convergence of several seconds to reliable centimeter-level positioning accuracy [30]. All individual GNSS SSR correction components include (a) orbits and clocks, the standard products for PPP service estimated by a global sparse network of 100 stations [31]; (b) pseudorange and carrier-phase biases; and (c) ionospheric and tropospheric estimated by a regional dense network with approximately 200 km station spacing [32].



A comparison of the most widespread GNSS positioning technologies based on SSR and OSR for observations, corrections, communication links, service area, convergence, accuracy, application fields, etc., is shown in Table 1.



Based on a review of AIV application characteristics and requirements, combined with the developments in GNSS technology, a GNSS high-precision augmentation positioning solution for AIV is summarized and introduced in this paper. The article structure is as follows: Firstly, the technology development and comparison of different GNSS implementation routes are introduced in Section 1. The application characteristics and positioning requirements of AIV are described in Section 2, including integrity, positioning accuracy, etc. The then-current GNSS augmentation solution for AIV is summarized in Section 3 by comparing and analyzing the different GNSS positioning technologies. Section 4 describes in detail the key technologies of the GNSS high-precision augmentation positioning solution for AIVs, and its progress and challenges are also analyzed to clarify the technical direction and research focus for the future application of GNSS in AIVs. Finally, some conclusions are offered in Section 5.




2. Survey of AIV Requirements


2.1. Application Characteristics of AIVs


Recently emerging autonomous applications have experienced rapid development. Different from traditional GNSS high-precision applications, e.g., surveying and mapping, emerging autonomous GNSS applications, e.g., AIV, drones, etc., have significant application characteristics, which are summarized as follows:




	
Globally, about 70 million cars are sold each year (https://www.statista.com/statistics/200002/international-car-sales-since-1990/ (accessed on 14 March 2023)). The proportion of high-level assistance vehicles is increasing. According to market forecasts, there will be 25 million AIVs at Level 3 or above by 2025 [33]. Thus, AIVs aim to reach tens to hundreds of millions of users.



	
The emerging field of autonomous applications faces the global market, in which users may be active anywhere all over the world at any time, including in the air, on land, and at sea [18]. Different from professional work, it is almost intolerable for AIV users to wait too long to obtain positioning requirements. Therefore, instantaneous global wide-area positioning services are required.



	
AIV often involves safety-of-life issues. AIVs of Level 3 and above will require shifting all the safety and legal responsibilities from humans to the automated driving system [34]. In addition, the ISO (International Organization for Standardization) formulated the standard “Road vehicles-Functional safety ISO 26262” guidance to mitigate safety-related risk caused by the complex system [35]. For AIVs, safety is critical.



	
Currently, the government pays increasing attention to individuals’ rights to privacy [36], and the privacy principles for vehicle technologies and services clarify that consumer privacy should be considered and protected [37]. Location privacy protection in mass applications is becoming a key issue [18,38].









2.2. Integrity Requirements


As mentioned above, safety is one of the key issues in the development of AIV [39]. With the trend of increasing technological complexity, software content, and mechatronic implementation, there are increasing risks of systematic failures and random hardware failures [35]. Integrity is defined as the trust that can be placed in the correctness of a service’s information, including the ability to provide timely alerts to users when the service cannot be used for positioning [15], which can express the more stringent performance requirements of AIVs.



Integrity, as one of the most essential performance parameters of GNSS, was originally developed in the civil aviation framework as part of the International Civil Aviation Organization (ICAO) requirements for using GNSS in the communications, navigation, and surveillance/air traffic management systems [40]. International Standards and Recommended Practices (SARPS) developed by ICAO are binding on the member states [41]. Requirements for GNSS signal-in-space service are contained in Annex 10 to the convention on civil aviation of SARPs, as shown in Table 2 [42]. The integrity risk for GNSS systems used in aviation is generally set to a probability of 10−7, which includes the probability of a missed alarm (positioning error exceeding the alert limit without a warning to the user) and a false alarm (a warning to the user while positioning error satisfies the alert limit).



Similar to the requirements of civil aviation, in the interest of assuring safety for AIVs, the autonomous vehicle field also formulates strict safety access standards, i.e., “Road vehicles-Functional safety ISO 26262”, which provides requirements for relations between customers and suppliers. The standard applies to all activities during the safety lifecycle of safety-related systems comprised of electrical, electronic, and software components and provides guidance to mitigate safety-related risks caused by the complex system by providing an automotive-specific risk-based approach to determine an automotive safety integrity level (ASIL) [35]. Table 3 shows the ASIL level and safety risk probability from A to D [43]. The higher the ASIL level, the stricter the functional safety requirements. The entire design domain and overall process of the vehicles, including the necessary means to provide high-precision absolute positioning for AIV-GNSS positioning services and products, should adopt and follow ISO 26262 [36].




2.3. Accuracy Requirements


The sole purpose of all sensors on an autonomous vehicle is to ensure that the vehicle knows it is within its lane, where horizontal positioning limits can be calculated by lateral and longitudinal components and a multi-layer road can be distinguished in a vertical direction. Based on the “geometry bound” method of measuring road grade and vehicle size proposed by Reid et al. [43], the accuracy requirements of AIVs are briefly mentioned again in this section.



Figure 2 shows the geometric relationship between the vehicle size and road information, which shows the allowable maximum position error of the vehicle to ensure it is within the lane known as the alert limits, i.e., the red dotted box. From the figure, it can be seen that alert limits are a function of vehicle size (length    l v    and width    w v   ) and road information (lane width    w R    and radius of circular curve    r R   ). In the figure,  x  and  y  are lateral and longitudinal geometry bounds, respectively.    d  l o     and    d  l a     are lateral and longitudinal alert limits, respectively. According to the geometric relationship of the right-angled triangle in the figure, we can obtain the equation according to the Pythagorean theorem as follows:


       y 2     2  +      r R  −    w R   2  + x    2  =      r R  +    w R   2     2   



(1)







The lateral and longitudinal alert limits can be obtained as follows:


     d  l a   =     x −  w v     / 2       d  l o   =     y −  l v     / 2     



(2)







Combining Equations (1) and (2), the functional relationship of alert limits in lateral    d  l a     and longitudinal    d  l o     can be obtained as follows:


   d  l o   =   2  r R  ⋅  w R  −     2  d  l a   +  w v     2  +    w R  − 2  r R    ⋅   2  d  l a   +  w v      −    l v   2   



(3)







From the equation above, the functional relationship between lateral (   d  l a    ) and longitudinal (   d  l o    ) alert limits can be obtained based on the vehicle size and road information provided (road width    w R    and radius of circular curve    r R   ). According to China’s design specification for highway alignment [44], the relationship between the vehicle’s design speed and the road’s curvature radius is shown in Table 4.



For example, in the highway scenario, where autonomous driving is easier to implement [45], the current design speed of China’s highways is 80–120 km/h, and the design lane width is 3.75 m [44]. Assuming that the size of the passenger car is 2 m × 5 m, the function relationship of the lateral and longitudinal alert limits corresponding to each scenario in Table 4 can be obtained as shown in Figure 3.



As shown in Figure 3, the lateral and longitudinal alert limits of vehicles are different; a series of application scenarios corresponds to road grades. Combined with Table 4, it can be seen that the straighter the highway design is, the higher the design speed limit.



For quantitative analysis, the lateral and longitudinal alarm limits are considered to be equal based on the uniform error characteristics of GNSS, i.e.,    d  l a   =  d  l o    . The most stringent standard, the 220 m radius of a circular curve, is chosen for analysis in Table 4 and Figure 3. From Figure 3, we can get the alarm limits    d  l a   =  d  l o   = 0.86   m and then the horizontal alarm limits      d  l a     2  +  d  l o     2      ≈ 1.22 m. Assuming that the positioning error is a normal distribution with a zero mean, Figure 4 illustrates the relationship between integrity risk, alert limit, and a 95% or 2 σ  accuracy requirement. The probability of a 5.73 σ  alert limit in normal distribution is about 99.999999%, which satisfies the requirements of the integrity risk probability of 10−8 of ASIL D. The 2 σ  (about 95%) horizontal accuracy requirements are 0.42 m.



The vertical requirements are mainly to identify which road level the vehicle is on; 1.47 m, or 1/3 of the minimum vertical clearance, is sufficient and can be set as the vertical alert limit [43]. The corresponding 95% vertical accuracy is 0.51 m.



Based on this preliminary analysis, the location accuracy requirements of AIV are at the decimeter level.




2.4. Issues of Availability and Continuity


The application characteristics of AIV determine the need for available and continuous positioning. Currently, there is no one localization sensor that can meet the requirements of AIV in all weather, road, and traffic scenarios [43], so multi-sensor fusion is an essential approach [6,7]. Availability is the percentage of the positioning error that is less than the protection level (PL) when the PL satisfies the alert limit, i.e., no integrity risk occurs, while continuity is the probability that the positioning performance meeting the AIV requirements will be maintained for a certain duration [46]. Hence, both availability and continuity together express the stable and reliable operation of AIV for positioning.





3. GNSS Augmentation Solution for AIV: A Case


According to the application characteristics of AIVs outlined in Section 2.1, active positioning often requires the uploading of the initial position, which makes it impossible to achieve user location privacy protection and high-concurrency services for mass users. Therefore, the characteristics of the requirements for AIV applications represented by autonomous vehicles using GNSS technology can be summarized as follows: wide-area services, passive positioning, high-integrity, and instantaneous decimeter-level positioning.



According to the analysis in Section 1 Introduction, high-precision carrier-phase observations are necessary in order to achieve GNSS centimeter- to decimeter-level positioning. NRTK technology can achieve instantaneous centimeter-level positioning in local coverage, including mainstream virtual reference stations (VRS) and master-auxiliary concepts (MAC). However, VRS technology requires users to upload their initial position to the service center, which is active positioning. Even though it was initially developed to provide a passive broadcast solution, MAC is not suitable for larger networks, such as those with 50–100 stations, due to the data rate limits of communication and the number of stations in the sub-network [47]. Civil aviation has established a complete integrity monitoring theory and method [48,49]. GNSS signal-in-space (SIS) integrity information can be provided by GBAS and SBAS by comparing the ground truth of the monitoring station with the position solution computed using the GNSS SSR (orbit, clock, atmosphere delay, etc.) [50], providing an important reference for the design and implementation of a GNSS high-precision augmentation solution for AIV. As mentioned in Section 1. Introduction, due to the broadcast of these SIS and atmosphere corrections to users through the Internet or communication satellites, positioning technology based on SSR can realize a wide-area passive positioning service. In addition, the high-precision SSR corrections obtained by combining carrier-phase and pseudorange observations, especially atmosphere corrections, can achieve instantaneous decimeter-level high-precision positioning [50,51].



With a view to the GNSS augmentation application of AIV, there are some commercial safety-critical GNSS augmentation service solutions such as Trimble RTX Fast Service [52], Sapcorda’s Safe and Precise Augmentation (SAPA) (https://www.embedded.com/gnss-correction-service-enhances-position-accuracy/ (accessed on 14 March 2023)), Swift Skylark Precise Positioning Service (https://www.swiftnav.com/skylark (accessed on 14 March 2023)) etc. Based on the analysis and commercial solutions above, the GNSS high-precision augmentation solution for AIVs is summarized as shown in Figure 5. The solution mainly includes six parts: global augmentation processing, regional augmentation processing, augmentation messages monitoring, augmentation service broadcasting, service integrity monitoring, and augmentation positioning with high integrity.



	
The global augmentation processing part is largely responsible for obtaining global real-time augmentation messages based on global reference stations, including real-time precise satellite orbit (RT-Orb) and clock (RT-Clk), satellite bias (Bias), global ionospheric (G-Iono), etc.;



	
The regional augmentation processing part mainly uses the global augmentation messages and the regional augmentation stations to obtain the regional ionospheric (R-Iono) and tropospheric delay (R-Trop), and then outputs the modeling information;



	
The augmentation message monitoring part mainly uses the monitoring stations in the service area to monitor the integrity of global and regional augmentation messages and then generates the corresponding performance index (PI);



	
The augmentation service broadcasting part is responsible for encoding global and regional augmentation messages and then broadcasting that information through the Internet or communication satellites;



	
The service integrity monitoring part is responsible for monitoring the performance and generating the augmentation service performance factor (ASPI) by using regional monitoring stations’ known precise coordinates based on broadcasted wide-area and regional augmentation messages. If there is a service integrity problem, it will promptly alert the public;



	
The augmentation positioning with high integrity part aims to achieve precise positioning for AIVs based on these global and regional augmentation messages as well as monitoring messages.






From the analysis above and Figure 5, the system-level key technologies of the GNSS high-precision augmentation solution for AIV include GNSS real-time precise orbit determination (RT-POD), real-time precise clock estimation (RT-PCE), signal bias estimation, atmosphere estimation and modeling (global/regional ionospheric, regional tropospheric), integrity monitoring on augmentation messages and services, etc. The key user-level technologies include integrity fault detection and exclusion, real-time, instantaneous, precise positioning, etc.




4. Progress and Challenges of Key Technologies


4.1. RT-POD


As shown in Figure 5, RT-POD is the basis of global augmentation processing. International GNSS Service (IGS) is a nonprofit organization devoted to the generation of high-precision GNSS data and products by operating the global infrastructure of network stations [53], including ultra-rapid, rapid, and final productions with varying accuracies and latencies. In order to obtain low-latency orbits, IGS utilizes prior normal equation systems and appends a few hours of new data to generate an ultra-rapid solution to avoid recomputing the measurement model and partial derivatives of overlapping observation arcs [54], then predicts orbital arcs. The predicted ultra-rapid IGS orbits with centimeter-level accuracy [55,56] are usually applied in its real-time service [57,58], which is widely used to produce real-time GNSS solutions [59]. Position and Navigation Data Analyst (PANDA) software developed by Wuhan University, one of the Analysis Centers of IGS, has achieved centimeter-level multi-GNSS POD [60,61] and improves orbit accuracy significantly by improving orbit models and algorithms [62,63,64,65,66].




4.2. RT-PCE


Even though the accuracy of IGS ultra-rapid products [53] has met the real-time requirements [67], its clocks, with an accuracy of about 3 ns and a sampling of 5 min, cannot be used in real-time high-precision applications [58]. A real-time PCE filter based on real-time data streams in a network is an effective solution, but it is also a time-consuming task [68]. The ultra-rapid orbit can be input and held fixed in the real-time GNSS clock filter to reduce the computational burden and complexity of the real-time process, which estimates only clock, tropospheric, ambiguity, etc. parameters [59]. The traditional RT-PCE UD model has been modified based on UD pseudorange and epoch-differenced carrier-phase observations (referred to as the mixed-differenced model, MD) to eliminate that great number of ambiguity parameters [68,69,70]. In order to achieve the development of multi-GNSS fusion solutions, the RT-PCE MD model was further upgraded by introducing pre-estimated bias corrections [71,72] to correct the receiver-/satellite-dependent and inter-system biases, which can obtain ~100 ps multi-GNSS precision clock with sub-second estimation efficiency for a single epoch.




4.3. Bias Estimations


Multi-frequencies and multi-constellations tend to lead to signal hardware delays in multi-GNSS observations, which are split into satellite-specific and receiver-specific delays [73].



Among these, pseudorange or code delays will greatly correct pseudorange accuracy and then affect precise data processing [74], e.g., PPP convergence [75], wide-lane ambiguity resolution [76], estimation of bias-free ionospheric accuracy [77], etc. The precise satellite clock products of IGS are commonly computed by ionosphere-free (IF) combined observations [56]; as a result, the satellite-specific code bias can be considered ignorable in IF combination precise positioning [78]. Satellite-specific code bias of inter-frequency (e.g., P1–P2) and intra-frequency (e.g., P1-C1, P2-C2) can also be corrected by the satellite differential code bias (DCB) products of IGS [79,80] as well as by receiver-specific code bias [81]. It has been confirmed that signal distortion biases (SDBs) in pseudorange caused by the differences in correlation processing within GNSS receivers [82] are inconsistent for different satellites from the same constellation [74]. The common practice for IGS of estimating only one DCB per station considered identical for all satellites [83] cannot totally describe those SDBs. Preliminary analysis finds that SDBs remain stable over a short period of time [84] and can be used to correct pseudorange accuracy for multi-GNSS fusion solutions among inhomogeneous receivers.



These carrier-phase biases originating from satellites and receivers, also called uncalibrated phase delays (UPD) [85] or fractional cycle biases (FCBs) [86], are not integer values; thus, they prevent the resolution of the integer ambiguities. The receiver-specific carrier-phase biases can be eliminated by satellite-satellite single-difference (SD); then, the fractional parts of the satellite-specific SD UPDs in wide- and narrow-lane from a global reference network can be estimated [85,87], which can be applied as corrections to SD ambiguities at a single station to recover its natural integer feature.




4.4. Atmosphere Estimation and Modeling


The GNSS high-precision augmentation solution for AIVs designed above is based on SSR, and a great deal of research has proven that external atmosphere constraints or corrections, including ionospheric [51,88,89] and tropospheric [90,91,92] corrections, provide an efficient route to accelerate the instantaneous convergence of SSR positioning, e.g., PPP.



Currently, precise ionospheric modeling includes two implementations: one based on vertical total electron content (VTEC), e.g., the IGS Global Ionospheric Map (GIM) [93], and another based on directly slant total electron content (STEC) [94]. The introduction of the ionospheric mapping function [95] in VTEC modeling limits the accuracy of real-time GIM to about 2–8 total electron content units (TECU) [96,97] compared to STEC, which can achieve an accuracy of about 1 TECU from the nearby stations [98] (1 TECU corresponds to 16.2 cm in the GPS L1 frequency). Experiments show that the VTEC of GIM-constrained PPP can improve positioning accuracy by about 26% after a convergence time of 1 min, compared to about 67% for STEC-constrained positioning [94]. These results indicate that regional GNSS networks can provide more accurate ionosphere delays than IGS GIM [99], and the accuracy of ionosphere delays is very critical for shortening PPP convergence [100]. Thus, STEC is fundamental for achieving instant PPP [101]. Therefore, the VTEC and STEC can be applied in global augmentation processing and regional augmentation processing, respectively.



The line-of-sight tropospheric delay can be expressed by the zenith total delay (ZTD) of receivers with mapping functions, which can further be decomposed as the sum of the zenith hydrostatic delay (ZHD) and the zenith wet delay (ZWD) [102]. ZHD with millimeter-level accuracy can be derived from existing models [103,104], while ZWD is usually estimated as an additional epoch-wise parameter in GNSS processing and then used to form empirical models with centimeter-level accuracy, e.g., GPT2 (global pressure and temperature 2) [105] and TropGrid2 [106,107]. Compared to empirical models, it would be more appropriate to reflect the actual tropospheric delays, such as those retrieved from numerical weather models (NWM) [108,109]), as well as real-time regional tropospheric models represented by interpolation [110], fitting coefficients [90,111], or grid points [112]. Note that Japan’s QZSS broadcasts the tropospheric corrections with the grid model in the L1-SAIF (L1 submeter-class augmentation with integrity function) augmentation signal [113].



Benefits from the development of real-time orbit and clock products and precise real-time ionospheric and tropospheric delays can be derived directly by implementing a PPP model when ambiguity is fixed [114,115].




4.5. Integrity Monitoring


GNSS integrity analysis can be implemented at the system-level and user-level [50]. GNSS itself can generate basic system-level integrity messages, e.g., satellite and signal faults, SIS user range accuracy (URA), etc., and broadcast them to users [116,117], which, however, cannot meet the stringent civil aviation integrity requirements as specified by ICAO [40]. For this reason, various augmentation systems, including GBAS, SBAS, etc., have been developed to reduce integrity risk and generate other additional integrity information, e.g., ionospheric anomalies [50]. The typical user-level integrity monitoring is receiver autonomous integrity monitoring (RAIM), which can detect and exclude faults by residual-based or solution-separation analysis [118,119] to obtain the user’s protection level compared to the alert limit [120,121].



Different from civil aviation’s use of GNSS SPS application based on pesudorange observations and broadcast ephemeris, the GNSS high-precision augmentation solution for AIVs involves more observations, especially carrier-phase observations influenced by ambiguities and cycle slips, and precise augmentation products and correction models; as a result, additional integrity-monitoring models need to be developed [46,50]. Similar to the SIS integrity generated by GBAS or SBAS, global and regional augmentation corrections for AIV applications, including orbit, clock, ionospheric, tropospheric bias, etc., can be validated by residual-based analysis of different carrier-phase combinations [113]. However, there is little research that discusses the procedures of augmentation message quality control and user PL calculation, which impact the analysis of different faults and user solutions [50].



Although some studies have carried out user-level integrity analysis based on augmentation messages [52,122,123,124,125,126,127], further research still needs to be carried out in order to obtain acceptable models and methods [50].




4.6. RT Instant Precise Positioning


Single-receiver users can obtain their centimeter-level positions by double-frequency ionospheric-free PPP based on global SSR augmentation messages, i.e., orbit, clock, etc. and the popular double-frequency ionospheric-free combination process [19], which is constantly plagued by slow initialization and convergence [29]. The convergence is actually the process of PPP ambiguity resolution (AR) [128], and there are several routes proposed to try to resolve this problem, including (a) PPP AR based on multi-GNSS and multi-frequency GNSS uncombined or combined data [129,130,131] or (b) introducing internal or external ionospheric or tropospheric corrections, etc. [51].



PPP-AR can be achieved by introducing a predetermined UPD into the float ambiguity estimation [85] or using an integer recovery clock/decoupled satellite clock product [132,133]. Multi-GNSS data can be integrated to promote PPP rapid AR [129], which could be fixed in several minutes based on GPS/GLONASS/BDS fusion data [134,135]. It has been proven that the convergence period for PPP will not be changed completely by simply implementing AR procedures and multi-GNSS observation processing [51,136], and further algorithms are required to reduce the convergence time, e.g., triple-frequency PPP or ionospheric corrections [51].



A single epoch of triple-frequency observations can be used to accomplish multi-GNSS PPP wide-lane AR, which can achieve global instantaneous decimeter-level positioning [137]. The self-predicted ionospheric delays can be used in succeeding epochs to accelerate the re-convergence of ambiguity resolution within several epochs [138,139]. The initialization time can also be further shortened to several minutes by introducing external global ionospheric corrections [88], and instant centimeter-level positioning can be achieved by introducing ionospheric and tropospheric corrections obtained based on regional networks [32,88]. On those bases, multi-frequency uncombined GNSS data can demonstrate better performance with higher positioning accuracy and fewer outliers compared to double-frequency data [115,140].



The goal of GNSS applications of AIV is to achieve instant and reliable decimeter-level positioning with the lowest hardware and software costs. Considering the cost and the limitations of complex observation environments, the utilization of multi-frequency observation data has always been a problem worthy of further study. In addition, it is difficult to achieve a 100% AR fixing rate [115,137], and there is incorrect ambiguity fixing. Therefore, one must ask, “Is PPP AR essential for reliable, decimeter-level AIV positioning?” [141]. Despite those problems, there is no doubt that multi-GNSS, multi-frequency UD, and uncombined observations are the future direction of AIV applications [115].





5. Conclusions


This paper gives a brief review of GNSS application in the field of AIVs and discusses its requirements for GNSS high-precision augmentation, summarizes a GNSS augmentation positioning solution for AIVs, and then investigates research progress on key technologies in the solution as well as existing challenges.



The characteristics of different sensors used by AIV, including GNSS, are first discussed and compared. Among them, GNSS, as the unique localization sensor that can achieve absolute positioning and timing, is essential for AIV. Furthermore, AIVs aim to provide safety for a mass user base ranging from tens to hundreds of millions; for this, AIVs require a global wide-area and instantaneous precise positioning service with location privacy protection. For positioning accuracy, the “geometry bound” analysis between road grade and vehicle size indicates that GNSS requirements in autonomous vehicles include decimeter-level positioning with the assurance of high integrity.



An SSR-based GNSS high-precision augmentation positioning solution for AIV is summarized and introduced in this paper, combined with GNSS high-integrity implementation in the civil aviation field, GNSS different technology routes, and commercial solutions. The solution includes six main parts: global augmentation processing, regional augmentation processing, augmentation messages monitoring, augmentation service broadcasting, service integrity monitoring, and augmentation positioning with high integrity and can obtain instantaneous precise positioning with high-integrity in a wide area by passive positioning mode, which can also achieve location privacy protection.



After reviewing a variety of literature, the research progress of most key technologies, e.g., RT-POD, RT-PCE, signal bias estimation, atmosphere estimation and modeling, etc., has met the implementation requirements of the GNSS high-precision augmentation positioning solution for AIV. However, there are also a series of challenges that need to be overcome to satisfy the AIV application, mainly system-level integrity monitoring for high-precision augmentation messages, user-level integrity monitoring based on those augmentation messages, and achieving instant and reliable decimeter-level positioning with the lowest hardware and software costs.
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Abbreviations




	AIV
	Autonomous and Intelligent Vehicle



	AR
	Ambiguity Resolution



	ASIL
	Automotive Safety Integrity Level



	BDS
	BeiDou Navigation Satellite System



	CLAS
	Centimeter Level Augmentation Service



	CORS
	Continuously Operating Reference Stations



	DCB
	Differential Code Bias



	EGNOS
	European Geostationary Navigation Overlay Service



	FCB
	Fractional Cycle Bias



	GAGAN
	GPS Aided GEO Augmented Navigation



	Galileo
	Galileo Navigation Satellite System



	GBAS
	Ground-Based Augmentation System



	GIM
	Global Ionospheric Map



	GLONASS
	GLObal NAvigation Satellite System



	GNSS
	Global Navigation Satellite System



	GPS
	Global Positioning System



	HAS
	High Accuracy Service



	IMU
	Inertial Measurement Unit



	LAAS
	Local Area Augmentation System



	LiDAR
	Light Detection And Ranging



	MAC
	Master-Auxiliary Concept



	MSAS
	MTSAT Satellite-based Augmentation System



	NRTK
	Network Real-Time Kinematic



	OSR
	Observation Space Representation



	PCE
	Precise Clock Estimation



	PI
	Performance Index



	PL
	Protection Level



	POD
	Precise Orbit Determination



	PPP
	Precise Point Positioning



	QZSS
	Quasi-Zenith Satellite System



	RADAR
	RAdio Detection And Ranging



	RAIM
	Receiver Autonomous Integrity Monitoring



	SBAS
	Satellite-Based Augmentation System



	SDB
	Signal Distortion Bias



	SIS
	Signal-in-Space



	SPP
	Single Point Positioning



	SPS
	Standard Positioning Service



	SSR
	State Space Representation



	TEC
	Total Electron Content



	TECU
	Total Electron Content Unit



	UPD
	Uncalibrated Phase Delays



	UPD
	Uncalibrated Phase Delay



	VRS
	Virtual Reference Station



	VTEC
	Vertical TEC



	WAAS
	Wide Area Augmentation System



	ZHD
	Zenith Hydrostatic Delay



	ZTD
	Zenith Total Delay



	ZWD
	Zenith Wet Delay
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Figure 1. GNSS positioning technology routes and development. 
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Figure 2. Geometric relationship between vehicle size and road. 
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Figure 3. Relationship of lateral (   d  l a    ) and longitudinal (   d  l o    ) alert limits corresponding to the different highway radius of circular curve    r R   . 
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Figure 4. Relationship of integrity risk, alert limits and accuracy. 
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Figure 5. GNSS high-precision augmentation solution for AIV. POD: precise orbit determination, PCE: precise clock estimation. 
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Table 1. Comparison of most widespread GNSS positioning technologies based on SSR and OSR.
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Routes

	
SSR

	
OSR




	
Mode

	
SPP (SPS)

	
SBAS (WAAS)

	
PPP

	
PPP-RTK

	
LAAS (DGNSS)

	
RTK

	
CORS (NRTK)






	
Observations

	
UD Pseudorange

	
UD Pseudorange + carrier-phase

	
DD Pseudorange

	
DD Pseudorange + carrier-phase




	
Corrections

	
None

	
Orbit, clock, ionospheric

	
Orbit, clock

	
Orbit, clock, bias, ionospheric, tropospheric

	
Combined range correction




	
Communication Link

	
No

	
Yes

	
Yes

	
Yes

	
Yes




	
Service Area

	
Global

	
Regional

	
Global

	
Global/regional

	
Local

	
Local

	
Regional




	
Convergence

	
Instant

	
Instant

	
Minutes to tens of minutes

	
Seconds to Tens of seconds

	
Instant

	
Several seconds




	
Accuracy

	
Meter-level

	
Decimeter to meter-level

	
Centimeter-level

	
Decimeter to meter-level

	
Centimeter-level




	
Application fields

	
Mass market

	
Aviation

	
Maritime and ocean-going operations

	
Aviation

	
Surveying and mapping
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Table 2. ICAO GNSS Signal-in-Space performance requirements (ICAO, 2018 [42]).
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Typical Operation

	
Horizontal Accuracy

	
Vertical Accuracy

	
Integrity Risk

	
Time-to-Alert




	
95%

	
Alert Limit

	
95%

	
Alert Limit






	
En-route

	
3.7 km

	
7.4 km (oceanic/continental low density) 3.7 km (continental)

	
/

	
/

	
10−7/h

	
5 min




	
Terminal

	
740 m

	
1.85 km

	
/

	
/

	
10−7/h

	
15 s




	
NPA *

	
220 m

	
556 m

	
/

	
/

	
10−7/h

	
10 s




	
APV-I **

	
16 m

	
40 m

	
20 m

	
50 m

	
2 × 10−7 in any approach

	
10 s




	
APV-II

	
16 m

	
40 m

	
8 m

	
20 m

	
6 s




	
CAT-I ***

	
16 m

	
40 m

	
4–6 m

	
10–35 m

	
6 s








* Non-precision approach. ** Approach with Vertical Guidance. *** Category I precision approach.
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Table 3. ISO 26262 ASIL safety level and integrity risk.
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	Safety Level
	Integrity Risk





	ASIL-A
	10−6–10−5/h



	ASIL-B/C
	10−7–10−6/h



	ASIL-D
	10−8–10−7/h
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Table 4. Relationship of vehicle’s design speed and road’s radius of circular curve.
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Design Speed (km/h)

	
120

	
100

	
80

	
60






	
    r R    

	
Minimum radius of circular curve (m)

	
1000

	
700

	
400

	
200




	
Minimum radius of circular curve (m)

	
Maximum of road superelevation *

	
4%

	
810

	
500

	
300

	
150




	
6%

	
710

	
440

	
270

	
135




	
8%

	
650

	
400

	
250

	
125




	
10%

	
570

	
360

	
220

	
115








* Road superelevation is the transverse slope throughout the length of the horizontal curve to counteract the effect of centrifugal force and to minimize the tendency of the vehicle to overturn or skid by raising the outer edge of the pavement with respect to the inner edge.



















	
	
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/file4.png





nav.xhtml


  remotesensing-15-01623


  
    		
      remotesensing-15-01623
    


  




  





media/file2.png
| PPP Using SSR in RTK Networks (PPP-RTK)

Satellite-Based Augmentation System (SBAS) Ground-Based Augmentation System (GBAS)

| Wide Area Augmentation Local Area Augmentation

Global Correction Service ‘

Continuously Operating ‘

System (WAAS) System (LAAS) Reference Stations (CORS)
7, \

[A MY ’I‘ TAAY II\

Pseudorange+

Carrier-Based Real't'”(‘ET'%‘emat'c

Precise Point Positioning
(PPP)

Pseudorange- Single Poi(rg‘E)PP;)sitioning Differental GNSS (DGNSS)

Based

I
I
I
I
I
I
I
I
I
I
I
| N
I
I
I
I
I
I
I
I
I
I

IS I I I

| State Space Representation (SSR) ‘ Observation Space Representation (OSR)






media/file5.jpg
dg/ m

20

19 |-

17 |

16

15 |-

14 |

12 |-

11

09 |

08
0.80






media/file3.jpg





media/file1.jpg
St Bused Augmentaion Sytem (5545)

e o i
T en [ErT—
ot onon
T T
St pos Ot 665 06w

ot omcnRepreentation 556) Observatonspac Reprseriaion 058






media/file7.jpg
Integrity_Risl Integrity Risk

0
Aceuracy

Alert Limit 20 20 Alert Limit





media/file10.png
Gegional augmentation station9

Global reference stations

pe ~
/ I\ \
I RT-Orb '
| RT-Clk |
| f Global Augmentation Processing\ \ 4 G-I%Irfg |
| RT-POD RT-PCE Regional Augmentation Processing :
I
- Regional lonosphere |
| ’ Satellite Bias ‘ - |I_\}-_Il_ono |
| RT-Orb Regional Troposph e I
RT-Clk g posphere |
: K ’ Global lonosphere ‘ j Bias |
R-lono
I R-Trop ‘ V :
I
| Augmentation |
RT-Orb RT-Orb RT-Orb Service i
| RT-Clk RT-Clk RT-Clk RT-Orb PI Broadcasting
Bias Bias Bias RT-Clk PI
| G-lono Bias PI
| Global lono PI |
R-lono PI A | RT-Orb+PI
I v L 7 R-Trop PI I RT-Clk+Pl
( N . 22
: . Integrity Monitoring of _
| Regional Station GIo%aI Augmentation | R lono+PI
AR R- Trop+PI
| Messages v I ASPI
Regional monitoring stations — '
| ﬂtegntY Mo nitoring of |
egional Augmentation RT-Orb+PI |
| Messages RT-Clk+PI
| Bias+PI |
| \ Augmentation Messages Monitoring Gﬁ.lgﬂgigl |
\ R- Trop+PI |
N\ _ /
\ 4
| . . . . ASPI
'k Service Integrity Monitoring Augmentation Positioning
K with High Integrity /

Observations

—

Augmentation Messages Integrity Messages Service Messages

—_—

— —






media/file9.jpg





media/file0.png





media/file8.png
Integrity Risk/

A
Probability

95%

\ Integrity Risk

Alert Limit —20

0

Accuracy

20 Alert Limit





media/file6.png
L} — L) — L} — L} — L}
E o
EEEEEEEEEEEEGD
— O O O O O O O O O O O O O Il
N ONO OO T O NMNLW« - O o
N AN NOMO T IF 0 WO O M~ -~ T
Fl: § 3 P '
A T [ !
] ! 1 1 ' . H !
(R R R [ :
i R PR R ) e .l.\\.".ﬂ.“n“o.ll.llh.”.lcﬂn“\ln‘”.nll.h.l&llﬂ“ I.ﬂll.“l.l -
e A e S L L L e o e —
| — | — | — Il — A — A — A — L — | — | — A — I
= 2 & R = B N @@ W = & o9 =
N - - - - - - - - - - o o

0.85 0.90

d./ m

0.80





