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Abstract

:

This study focuses on evaluating the positioning accuracy of smartphones in a deciduous forest environment compared to various levels of Global Navigation Satellite System (GNSS) devices. In a mixed coniferous forest with 90% broad-leaved forest (deciduous season), the accuracy of 57 test points was evaluated according to different openness levels under the forest. Taking the coordinates obtained by survey-grade GNSS devices in RTK (Real-time Kinematic) mode as standard, the accuracy of the single-point positioning (SPP) mode and precise-point positioning (PPP) mode obtained by three smartphones (one single frequency and two dual frequency), one survey-grade receiver and one recreational-grade receiver are compared. It can be found that there was a significant positive correlation between canopy openness and carrier-to-noise density(C/N0) (p < 0.05). Meanwhile, the C/N0 of survey-grade devices is significantly higher than that of smartphones. The results show that the positioning accuracy of dual-frequency smartphones under forests is better than that of single-frequency smartphones. Furthermore, the positioning accuracy of the smartphone corrected by PPP mode is better than that of the recreational-grade GNSS receiver and can achieve an accuracy of about 2.5 m in the horizontal direction, which can be used for forestry stakeout, reset and determination of forest area boundaries in environments with high openness (R > 0.7). However, in an environment with low openness (R < 0.7) and relatively complex forest area positioning, survey-grade GNSS devices are still required to cooperate with the PPP or real-time differential positioning method to obtain accurate sub-meter-level positioning data.
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1. Introduction


Global Navigation Satellite Systems (GNSSs) have rapidly developed in recent decades [1] and are widely used in navigation and mapping, disaster monitoring, and precision agriculture. GNSS positioning research based on multi-system integration has become mainstream [2]. This trend makes GNSS receivers develop polarization. On the one hand, precise work requires survey-grade receivers with positioning accuracy of centimeter level or even millimeter level [3,4]. On the other hand, portable handheld devices can also meet specific needs in navigation and work with low-accuracy requirements [5,6]. In particular, positioning applications for smartphones are popular due to their portability. According to the Ericsson mobile report in June 2018, there are 4.8 billion smartphones using GNSS chipsets worldwide [7]. As a result, smartphones have become the most widely used GNSS location terminal and are used in various mobile services.



Because of the widespread use of smartphone positioning services, people have further started to study the positioning accuracy of smartphones. Lei et al. used smartphones to achieve better accuracy of street positioning in the urban environment [8]; Kenneth et al. evaluated the data sampled by GNSS antennas based on smartphones to achieve centimeter precision positioning [9]. In 2016, Google released the original observation data of Android smart devices, which provides a new idea for researching GNSS navigation and positioning technology based on smart terminals. Scholars can calculate and correct the original positioning data obtained by the intelligent terminal through algorithms or other technologies to improve the accuracy of the equipment [10,11,12]. In 2018, smartphones were first equipped with dual-frequency GNSS chips. Before that, smart terminals were generally equipped with single-frequency and multi-constellation GNSS chips [13,14,15]. The development of dual-frequency chips has promoted the rapid application of precise smartphone positioning in the mass market [16,17] and increased the adaptability of smartphones in complex environments. Many scholars’ positioning tests on smartphones show that the original measurement quality of dual-frequency GNSS smartphones is generally better than that of single-frequency smartphones. Combining RTK (real-time kinematic) and PPP (precise-point positioning) technology can effectively improve the positioning performance of smartphones [18,19].



The increasingly sophisticated navigation system has played a significant role in forestry, enabling macro control of forest areas and ensuring forestry work’s modern and efficient development. Nevertheless, the complicated environment in the forest is undoubtedly a challenge to precise positioning. Due to the complex and diverse forest environment, the signal quality collected by forestry workers using receivers will be affected by terrain or tree canopy [20]. Furthermore, multipath effects will occur when the devices receive space satellite signals due to obstacles (such as tree trunks) between the line and the satellite [21,22]. That will cause significant errors in positioning calculation and even make it impossible to locate [23,24]. Relevant research shows that the complex forest environment has a tremendous adverse impact on receiving the signal by GNSS devices [25,26,27]. Branches, trunks, and leaves will attenuate, distort, or hinder the forest GNSS signal, so positioning accuracy is significantly lower than those in areas with high openness [28,29,30,31,32].



Previous research on GNSS receivers in forestry found that the positioning accuracy is the lowest in coniferous forests, middle in broad-leaved forests, and the highest in non-forest lands. The average positioning accuracy increases from the valley and hillside to the top of the mountain [33]. Mountainous and steep-terrain environments also pose some obstacles to accurate GNSS positioning. The research is confirmed by Valbuena et al. [23]. Michael’s research shows that canopy coverage and open sky have a more significant impact on positioning accuracy than slope degree, slope position, aspect, tree height, canopy depth, or altitude [34]. In addition, Kobayashi et al. [31] and Naesset [35] found that the measurement error of GNSS under the forest increases with the breast-height sectional area of the stand. Compared with the open environment, the forest environment is more complex and the positioning accuracy will be affected by many factors. Therefore, many scholars have tried new positioning methods, such as differential global positioning systems (DGPSs), to improve the accuracy of positioning in the forestry environment [28,36,37].



Currently, the most used positioning instruments for forestry workers in field surveys are smartphones and low-cost receivers (recreational-grade and map-grade receivers) [38]. Smartphones occupy most of the market for low-cost receivers due to their portability and versatility [39]. More and more forestry work is carried out with smartphones as positioning tools. Bianchi et al. used smartphones to collect forest canopy hemispheric images [40]. Vastaranta et al. evaluated the measurement of forest sample plots by smartphone applications [41]. Tomastik et al. used smartphones to measure the wind damage area in the forest [42]. Furthermore, in a study using smartphones to evaluate the positioning accuracy under the forest, Tomastik et al. used three smartphones to obtain the positioning accuracy of 6.74–11.45 m (with leaves) and 4.51–6.72 m (without leaves) under the forest [42], used dual-frequency smartphones to obtain the positioning accuracy of 6.13 m (with leaves) and 4.10 m (without leaves), and evaluated the applicability of the original GNSS data [43]. Guo et al. measured, in the forest environment (with leaves), that the accuracy of smartphones in PPP mode is equivalent to that of recreational-grade GNSS devices and the distance root means squared (DRMS) of medium and high-canopy openness can reach 2.6–4.2 m [44].



However, little research focuses on comparing positioning accuracy between smartphones and GNSS devices at all levels under the forest. As a result, it is unclear whether the real-time measurement results of smartphones and the data results processed by the PPP mode in the forest environment can achieve satisfactory accuracy. Therefore, it is necessary to quantify the positioning accuracy of smartphones in the forest and to investigate the usability of smartphone positioning in the forest environment.



This study aims to quantify the positioning accuracy of smartphones and receivers of various levels in different forest environments by accessing parameters, such as the number of satellites, signal quality, and positioning accuracy. By comparing the differences in positioning accuracy between smartphones and receivers of various levels, we can comprehensively evaluate whether smartphones meet the positioning requirements of forestry work and provide reference opinions for selecting positioning and navigation equipment in different forest canopy openness environments.




2. Materials and Methods


2.1. Test Devices


Three smartphones and two GNSS receivers are used in this experiment. Smartphones: OPPO K9 (hereinafter referred to as K9), Realme GT NEO (NEO) and HUAWEI P50 Pro (P50). GNSS receivers: UniStrong G138BD (G138BD) and HiTarget iRTK2 (iRTK2). The three smartphones used in this paper support all constellation systems, K9 supports receiving single-frequency satellite signals, and the other two mobile phones support receiving dual-frequency satellite signals. The types of satellite systems and signal frequencies supported by each device are shown in Table 1.



The tripod is installed and fixed on the test point to enable the device to stably obtain the positioning data. The tripod is connected with a base and an extension rod. Starfish iRTK2 is placed on the top of the extension rod. Other test devices are fixed on the extension rod in different directions (Figure 1). Each device is about 10 cm away from the extension rod and the placement direction is East: X70; West: NEO, G138BD; South: P50; North: K9. The height between each device and the test point is iRTK2: 2 m; X70; 1.8 m; P50:1.7 m; K9: 1.6 m; NEO:1.5 m; G138BD: 1.3 m. The absolute position of each device is calculated by using the distance and direction from the extension rod and the height to the test point.




2.2. Method


The test site is located in Baoding agricultural ecological park, Hebei Province. The environment is relatively simple and the test interference items are few. Fifty-seven test points are set according to different canopy openness levels (Figure 2). Its accurate coordinates are measured by the iRTK2 system (RTK Positioning Accuracy: plane: ±(8 + 1 × 10−6 D) mm) in combination with FindCM CORS service (CORS accuracy: horizontal positioning accuracy 2 cm in the ideal environment). To ensure high coordinate accuracy in the test points, first, we used IRTK2 and CORS services to obtain the fixed solution in an open place as the control point of this experiment and then used two iRTK2 devices to measure the accurate coordinates of all test points in real-time difference positioning.



Before data collection, all smartphones should turn on the flight mode in the setting interface to prevent mobile phone Assisting-GNSS (AGNSS) function from using the base station information to affect the positioning data. The GNSS system supports all multi-mode states and the power-saving mode is turned off during data collection. Before the test, turn on the option of “force to enable comprehensive tracking of GNSS measurement results” in the “developer options” to avoid the impact of the working cycle on the data integrity of this experiment. P50 cannot turn on the option of force to enable comprehensive tracking of GNSS measurement results due to system restrictions. The smartphone measurement program is Geo++ RINEX logger 2.1.6 (Geo++ GmbH, Garbsen, Germany), which records the original GNSS measurement data in RINEX 3.03 format. Most PC GNSS processing software can then process these formats of data. G138BD uses its program to record the original location data and iRTK2 records the current location information through the Hi-Survey Road application. Except that G138BD cannot change the height angle setting, all other devices are set to a height angle of 15°, with a sampling interval of 1 s. In addition, iRTK2 is set to output the observation file in GNS format and the original file in RINEX format simultaneously. This experiment records 10 min at each test point and observed data of about 600 epochs.



In January 2022, a Cannon EOS 50D digital camera with a sigma ex DG 8 mm fisheye lens was used to take all sky photos 2 m above the test point by hemispherical imaging technology. When taking photos, avoid the interference of surrounding shrubs and other young trees; an automatic balance bracket is used to make the camera lens horizontal and upward. The left side of the device faces north so that the direction can be distinguished during photo analysis. Choose a cloudy day with uniform clouds or set the time close to sunrise (8:00) or sunset (16:00) to avoid direct sunlight and bright spots in the photos. No wind weather shall be selected for shooting and two photos shall be taken at each point to avoid blurring and other problems. Use HemiView 2.1 SR5 software to analyze and process the photos taken. Extract the canopy openness data from the VisSky column in the values worksheet from the processed data. As shown in Figure 3, the three pictures reflect the different forest environments with different degrees of density. They are environments with low, medium, and high-canopy openness from left to right.



The canopy openness of the 57 test points is shown in Figure 4 and the test points were classified according to different environmental openness. Low openness was defined as forest canopy occupying less than 30% of the sky, medium openness was defined as forest canopy occupying 30% to 50% of the sky, and medium-high openness was defined as forest canopy occupying 50% to 70% of the sky. Finally, high openness was defined as forest canopy occupying more than 70% of the sky. Fifty-seven test points were recorded in January 2022.




2.3. Data Processing


G138BD exports waypoint data through GIS Office software and the original data of starfish IRTK2 is directly exported by the device to a CSV format record file on a PC through a USB data cable. RINEX data obtained by smartphones is processed by RTKLIB 2.4.2 software. The following settings need to be selected before using the RTKPOST module in RTKLIB to process original GNSS data: positioning mode: single point/static PPP, frequency: L1 + L5 + E5, filter type: combination, cut off height angle: 15, constellation: GPS + BDS + GLONASS + Galileo + QZSS, integer ambiguity solution: continuous signal processing. After processing the original observation data with RTKPOST, use RTKPLOT module to draw the image, which can visually compare the distance and direction of the coordinates of the observation value and the coordinates of the test point and provide basic error statistical information (mean value and standard deviation). HGO v2.0.4 software is used to convert geographical coordinates and projection coordinates in the experimental data.



The root mean square horizontal error (RMSxy), one of the most common accuracy measurement methods in geodesy, is used as the primary index to compare the positioning accuracy of devices.



The first step is to calculate the root mean square X and Y coordinate errors:


  R M  S x  =       ∑   i = 1  n  Δ  X i 2   n            R M  S y  =       ∑   i = 1  n  Δ  y i 2   n     








where Δxi and Δyi are the average coordinate error, which is the difference between the measured value of GNSS and the actual value, and n is the number of epochs. Then calculate the root mean square horizontal error RMSxy as follows:
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Compare the error of the tested devices with the minimum value, maximum value, average value, and standard deviation (SD). The statistical software SPSS24 was used for the one-way analysis of variance (ANOVA) of least significant difference (LSD) post test to evaluate the differences between devices and different canopy openness. The mean value, standard deviation, maximum value, and minimum value of the position error obtained at different test points are used to evaluate the impact of different canopy openness on positioning accuracy. The design of the experimental method and the steps of data processing are well illustrated in Figure 5.





3. Results


3.1. Influence of Canopy Openness on the Number of Observation Satellites and Signal Quality


3.1.1. Influence of Canopy Openness and Equipment on the Number of Available Satellites


The number of available satellites is mainly affected by its spatial geometric distribution and the ability of the receiver to search for satellites. According to the statistics of the number of satellites available for each device (Figure 6), multi-system devices can capture enough satellites during positioning measurement when GNSS devices are carried out in an open environment. With the increase in the canopy openness, the number of satellites available for each device increases exponentially. For example, the average number of available satellites of the two dual-frequency smartphones is higher than that of the single-frequency smartphones. The number of available satellites for the dual-frequency smartphone P50 is higher than that of survey-grade devices (the average number of satellites searched is 34). Even in the most sheltered environment (p < 0.3), each device can obtain the support of at least 15 satellites. This, by some distance, meets the requirements for the number of satellites measured by GNSS.



In SPSS24, one-way ANOVA and post-LSD test were performed on the number of available satellites of each piece of equipment under different opening conditions (0.14~0.92) to test the difference in devices under different opening conditions (Figure 7). It is found that the stability of satellite search of single-frequency smartphones is poor. When dual-frequency smartphones are in a range of openness above 0.3, the number of available satellites tends to stabilize. The average number of available satellites of NEO is 23 and the average number of available satellites of P50 is 34. Due to the high requirements for satellite signal quality, survey-grade GNSS devices can track satellites more stably when the openness is more than 0.5. The average number of available satellites is 24. In addition, the poor satellite search stability of single-frequency mobile phones makes no significant correlation between the number of available satellites and the openness of the forest (Table 2). However, the number of available satellites of dual-frequency smartphones and measurement-level devices is moderately correlated with the openness of the forest (p < 0.05).




3.1.2. Influence of Canopy Openness and Equipment on Carrier-to-Noise Density


The carrier-to-noise density (C/N0) has a significant impact on the positioning accuracy of the devices. A low C/N0 indicates that the satellite signal obtained by the receiver contains a lot of noise, which will cause a significant positioning drift probability. GPS satellites can transmit L1 and L5 frequency signals and Galileo satellites can transmit E1 and E5A frequency signals. The L1/E1 and L5/E5a frequencies of GPS and Galileo are no longer distinguished in subsequent data, collectively referred to as L1 and L5 frequencies. Comparing the average C/N0 of the L1 frequency of different devices (Figure 8), it is found that under the same measurement environment, the average C/N0 of the L1 frequency of smartphones is significantly lower than that of survey-grade GNSS receivers. The C/N0 of smartphones is generally lower than 35 dB under medium- and low-openness conditions, indicating that the data packets contain much noise. Although the smartphone K9 only supports a single-frequency, the C/N0 of L1 frequency is better than NEO with more advanced hardware. The C/N0 is not only related to the configuration of devices but also closely related to antenna design, transceiver power, and other factors. The L1 frequency C/N0o of iRTK2 is generally above 40 dB and the highest can even reach 45 dB, which is significantly higher than smartphones. L5 frequency is similar to L1 frequency and there is a large gap between the C/N0 of smartphones and survey-grade GNSS devices.



As shown in Table 3, the single-factor ANOVA variance test in SPSS24 and post LSD are used to compare the difference in the C/N0 of the test equipment under different openness conditions. The results show that the L1 frequency C/N0 of the single-frequency smartphone K9 is relatively stable in a high-opening environment (0.5–0.9), up to about 30 dBHz. On the other hand, the C/N0 of dual-frequency smartphones at L1 and L5 frequencies is smaller when the openness is greater than 0.7 and the C/N0 is between 27.74 and 31.89 dB.



Smartphones need to be in a relatively open environment to obtain high-quality satellite signals. Dual-frequency smartphone NEO may have poor signal acquisition ability due to its chip or antenna design and the C/N0 fails to reach 30 dB at L1 and L5 frequencies, especially at L5. This will also lead to low accuracy in pseudo-range single-point positioning. The C/N0 of survey-grade GNSS devices at L1/L5 frequencies and the differences in various environments are very similar. In an environment with high-canopy openness (0.5–0.9), the C/N0 is 42 dB–43 dB. Even in an environment with low-canopy openness (0.1–0.3), the C/N0 is generally higher than 41.16 dBHz. This is because IRTK2 has high hardware specifications and a strong signal-receiving ability to ensure positioning quality.



Table 4 shows a very significant positive correlation between the C/N0 of each device and the canopy openness using Spearman correlation analysis with SPSS24. The correlation coefficient of the C/N0 of the L1 frequency of smartphones is significantly higher than that of the L5 frequency, while the correlation of the two frequencies is almost the same for the survey-grade device. In addition, according to the comparison of the mean, minimum, and maximum C/N0 of L1 and L5 of three dual-frequency devices (NEO, P50, and iRTK2) (Figure 9), it can be found that the C/N0 of smartphone L5 frequency is significantly lower than its L1 frequency in various open environments. This shows that the smartphone GNSS chip has a large gap with L1 frequency in using the L5 frequency signal.





3.2. Relationship between Canopy Openness and Positioning Accuracy in Single-Point Positioning (SPP) Mode


Except for the recreational-grade device G138BD, the positioning accuracy of each device improves with the increase in openness, as shown in Table 5 and Figure 10. The horizontal accuracy difference in G138BD in various canopy openness is insignificant (p > 0.05) and the rest of the device is generally stable when the canopy openness is more than 0.7. In Table 5, the errors in the east, west, and elevation directions are expressed as the root mean square error (RMS) and the errors in the horizontal direction are expressed as the distance root mean square error (DRMS). In general, when the canopy openness of the smartphone is greater than 0.7 in the east, north, and horizontal directions, the positioning accuracy is between 4.62 and 7.67 m. The positioning accuracy of dual-frequency mobile phones is better than that of single-frequency mobile phones in both horizontal and vertical directions. The precision of pseudo-range single-point positioning of survey-grade receivers is much higher than that of smartphones, which is about 3–8-times that of smartphones. When the canopy openness is greater than 0.7, it can reach sub-meter precision in east, north, and horizontal directions. The accuracy of recreational-grade devices is about 1.2–3-times that of smartphones and the average positioning accuracy in east, north, and horizontal directions is between 2.18 and 4.75 m. The influence of the difference in the original data quality of different devices on the positioning is more obvious in the elevation direction. The positioning accuracy of each device in the elevation direction is generally low and the error is about twice the positioning accuracy of the corresponding opening in the east or north direction.



There is a linear relationship between the openness and the plane positioning accuracy in the pseudo-range single-point mode (Figure 10). Both the survey-grade receiver iRTK2 and the recreational-grade receiver G138BD can reach the meter accuracy level. However, the accuracy of G138BD in the high-openness environment has not changed significantly compared with medium and low openness. This phenomenon is quite different from iRTK2. The reason may be that the data presented by G138BD are not obtained in the original pseudo-range single-point positioning mode, which internal algorithms have processed, and the overall accuracy decreases with the environment. This phenomenon is similar to the effect of each device treated by the PPP method.



The canopy openness under the forest has a great influence on the positioning accuracy of the device. Without any processing, only the survey-grade device can obtain relatively stable original positioning data, which has high positioning availability in forestry work. In SPP mode, the horizontal accuracy of smartphones is low and there are significant limitations in forestry work. Although the positioning accuracy of dual-frequency smartphones is improved compared with that of single-frequency smartphones, there is still a big gap compared with the survey-grade device, which can only meet the needs of recording the approximate location of sample plots or rough navigation in forest areas and playing an auxiliary role in forest land restoration. Suppose such work needs low positioning accuracy. Try to choose dual-frequency full-mode smartphones. Smartphones are not competent for measuring forest boundaries, forest resource surveys, and other work requiring high accuracy.




3.3. Correction of Raw Location Data of Smartphone by PPP Mode


After correcting by PPP mode, the survey-grade receiver iRTK2 still has the highest accuracy among all devices (Table 6). In the east and north directions, when the canopy openness is between 0.1 and 0.7, the smartphone can reach a positioning accuracy of about 3 m. When the canopy openness is greater than 0.7, it can reach positioning accuracy of about 1.5 m. Overall, it is better than the recreational-grade receiver G138BD. The measurement-level devices can maintain sub-meter accuracy under each canopy openness. In the horizontal direction, when the canopy openness is between 0.1 and 0.7, the smartphone can reach the positioning accuracy within 5 m and the measurement-level devices can reach the positioning accuracy within 1.5 m; when the canopy openness is greater than 0.7, the smartphone can reach positioning accuracy of about 2.5 m and the measurement-level devices can reach the sub-meter accuracy.



In addition, compared with SPP mode, the variation trend in each device with the openness in PPP mode is weakened. The horizontal positioning accuracy of devices in each opening range is mostly not significantly different (p > 0.05). In the horizontal direction, under the PPP mode, the average positioning accuracy of each openness range of the smartphone can reach within 5 m. Under the high-opening environment (0.7–0.9), the average positioning accuracy can reach within 3 m.



The relationship between canopy openness and plane positioning accuracy by PPP mode is shown in Figure 11. Compared with pseudo-range single-point mode, its R2 of the fitting equation of the positioning accuracy varies with openness decreases. The main reason is that the greater the error and the better the data quality, the more obvious the accuracy improvement in the PPP mode. As a result, the positioning accuracy tends to weaken with the canopy openness, so the accuracy of measuring points in the figure is more dispersed than that of the SPP mode.



After correcting the raw data from the three smartphones in PPP mode, compared with the pseudo-range single-point positioning mode, the plane positioning accuracy is improved by 2–4-times (Figure 12). The difference between single- and dual-frequency smartphones is not obvious under low openness (openness 0.1–0.3) and the accuracy is about 4 m; when the openness is medium and medium-high (0.3–0.7), the performance is that the single-frequency mobile phone K9 is similar to the dual-frequency mobile phone NEO. The accuracy is still about 4 m. In contrast, the dual-frequency mobile phone P50 can reach 2–3 m. This is because the dual-frequency signal and the raw data with high robustness are more conducive to the correction of PPP mode. However, the C/N0 of dual-frequency mobile phone NEO is low and the quality of the raw data obtained is poor, so the improvement effect of PPP mode is limited. Under high openness (0.7–0.9), the three smartphones can achieve horizontal accuracy of about 3 m. Compared with the data processed by the internal algorithm of the recreational-grade GNSS receiver, the horizontal accuracy of the smartphone after PPP algorithm correcting is similar in the low-openness environment (0.1–0.3) and the smartphone is slightly better, while in the medium and medium-high openness condition (0.3–0.7), the horizontal accuracy of dual-frequency smartphone P50 is significantly better than that of recreational-grade devices. In the high-openness environment (0.7–0.9), the horizontal accuracy of each smartphone is significantly better than that of recreational-grade devices.



In general, the location availability of the post-processing mode of smartphones in a forest environment is at the same level as that of recreational-grade GNSS receivers. In the forest gap and forest edge environment, it can better complete forestry investigation, afforestation construction setting out, and determine the boundary and area of forest areas. However, when positioning in a forest with extremely low-canopy openness or a complex environment, survey GNSS devices and real-time kinematic (RTK) dynamic differential positioning technology are still needed to obtain more reliable positioning data.



Select the dual-frequency smartphone P50 with high positioning accuracy among smartphones and the survey-grade device iRTK2 and compare their original positioning data at a certain test point (Figure 13A). The original data measured by iRTK2, a survey-grade device, is more concentrated and closer to the test point’s accurate coordinates (0,0). The measured accuracy is 2.03 m in the north direction, 0.83 m in the east direction, and the horizontal accuracy (DRMS) is 2.20 M. The original data measured by the dual-frequency smartphone P50 is more accurate, with large dispersion of coordinates and large positioning error. The measured accuracy in the north direction is 8.40 m, the accuracy in the east direction is 12.09 m, and the horizontal accuracy is 14.72 m. There is still a large gap between smartphones and survey-grade devices.



According to Figure 13B, the P50 and iRTK2 devices greatly improved the data dispersion and positioning accuracy after PPP-mode processing. iRTK2 device’s data are relatively concentrated and closer to the exact coordinates of the test point (0,0) and the measurement accuracy is 1.70 m in the north direction, 0.34 m in the east direction, and 1.73 m in the horizontal accuracy (DRMS). While the smartphone P50 is relatively scattered, the positioning accuracy is significantly improved compared with the original data. The accuracy was 0.93 m in the north direction, 5.05 m in the east direction, and 5.13 m in the horizontal. The improvement in positioning accuracy of the smartphone corrected by PPP mode is greater than that of the iRTK2 device.





4. Discussion


4.1. Number of Observation Satellites and Signal Quality of GNSS Devices in a Forest Environment


The quality of satellite signals received by GNSS devices in a forest environment is affected by many factors, the most important of which are canopy openness and terrain [45,46]. Due to the influence of canopy openness [46,47], canopy coverage [47], and tree height [48], the more serious the occlusion, the less the number of visible satellites [49]. It can be seen that the number of satellites in previous studies shows a law of increasing with the expansion of the observation site [50]. However, this is not the case in the forest environment. This may be because the canopy is not completely closed and the satellite signal can penetrate the gap between the canopy to reach the receiver during the movement so that some satellite signals will be recorded by the receiver intermittently during the observation process, resulting in no significant change in the number of visible satellites under different canopy-openness conditions (p > 0.05). When the number of visible satellites is small, the receiver can also track more satellites. When the canopy openness is large, the number of satellites tracked is not necessarily large [51]. However, from the perspective of actual observation results, some satellites account for less than 20% of the total observation time when the canopy openness is low. These satellite signals have a very limited role in device positioning.



This study found a significant positive correlation between canopy openness and C/N0 of each device in a forest environment (p < 0.01). With the increase in canopy openness, the satellite C/N0 increased linearly and evenly. When the canopy openness is more than 0.7, the increase in canopy openness significantly promoted the C/N0. This phenomenon is significantly different from the measurement results in the leafy season [44]. In the case of the leaves season, there is a threshold value for the promotion effect of canopy openness on the C/N0 and the C/N0 increases exponentially with the increase in canopy openness. When the openness is below 0.55, increasing the openness can make the C/N0 increase rapidly. In addition, ANOVA of C/N0 and pseudo-range single-point positioning accuracy shows that even in the most unfavorable environment (the canopy openness is between 0.1 and 0.3), the C/N0 is generally higher than 41.16 dBHz. In contrast, the C/N0 of smartphones is generally lower than 31.89 dBHz, even with the high-canopy openness (0.7–0.9).




4.2. Original Positioning Accuracy of GNSS Devices under the Forest


The existing accuracy research of GNSS receivers mainly focuses on horizontal accuracy. For example, in forestry, how different forest conditions, especially canopy cover, affect horizontal accuracy is the focus of research [52]. The canopy openness has a decisive impact on horizontal and vertical position accuracy. The impact on the positioning accuracy is even more than an order of magnitude [53]. This study found a linear relationship between the canopy openness and the positioning accuracy of the device in the deciduous season. Nevertheless, in the common openness range (0.1–0.7), the horizontal accuracy of the device did not change significantly with the increase in the canopy openness. Previous leafy season tests showed an exponential function relationship between canopy openness and device positioning accuracy. When the canopy openness was less than 0.4, a small reduction in the openness would lead to a significant increase in device position error [44]. The error generally follows the rule that the vertical position error is about twice the horizontal position error [48].



Some scholars found that the newer mobile phone models are better than the old ones in terms of the number of satellites and signal quality. However, the positioning accuracy is not necessarily better [54]. The application of dual-frequency technology in smartphones has made great progress in obtaining raw data quality [14]. Compared with single-frequency smartphones, multi-constellation and frequency receivers provide a more stable and accurate positioning solution. In this test, P50 with a dual-frequency signal has the highest positioning accuracy. However, in general, there are many outliers in the original position observation data of smartphones. In practice, it is often best to use the coordinates of the known position to compare with the measured values for accuracy testing [55]. In addition, it is necessary to study the applicability of smartphone raw GNSS data in a forest environment because the observed data are very vulnerable to multipath and other complex adverse factors.



Many studies proved that smartphone positioning can achieve sub-meter or even centimeter accuracy under open conditions [6,56,57,58]. Although the new generation of smartphones provides good accuracy in open environments, achieving the same results in forest conditions is difficult. In the forest, the error of smartphone positioning is high. In this test, the untreated real-time measurement accuracy of the common open openness environment (0.1–0.7) is best to reach only about 5 m. The average accuracy difference between the pseudo-range single-point positioning of single- and dual-frequency smartphones is small, which limits many practical applications. It may be that GPS and Galileo satellites supporting L5/E5A frequency transceivers are less distributed over China and can only receive a small number of GPS and Galileo satellite L5/E5A signals, which makes the positioning accuracy of dual-frequency smartphones lower than the research results of European and American scholars [26]. In addition, affected by the complex canopy of the forest, even satellites with good positions may not be able to observe the whole process, which makes the satellite have a higher position dilution of precision, resulting in reduced accuracy [38].




4.3. Availability Evaluation of Smartphone Positioning in a Forest Environment


Some scholars believe that survey-GNSS devices must be selected when the positioning accuracy is required to be better than 10 m [59]. However, the results of this study show that, in SPP mode, the average accuracy of single-frequency smartphones at 57 test points is about 10 m and that of dual-frequency smartphones is about 9 m. After correcting by PPP mode, the average accuracy of single-frequency smartphones in the forest environment (DRMS) reaches 3.7 m and that of dual-frequency smartphones is 2.9 m. The horizontal accuracy of the recreational-grade receiver is 4 m in a high-canopy-openness environment and 5 m in a medium- and low-canopy-openness environment. The horizontal accuracy of smartphones in PPP mode has been comparable to that of some recreational-grade receivers in an environment of high-canopy openness. The positioning accuracy of smartphones even shows certain advantages, which can be used as an alternative to projects with low-positioning-accuracy requirements in forestry tasks, such as under forest navigation, preliminary positioning of points of interest, and forest route planning [43]. In addition, to ensure that the positioning data of this experiment will not be interfered with by the base station’s signal, all smartphones adopt flight mode for positioning observation. If the mobile communication function is enabled, AGNSS technology will play an auxiliary role in improving positioning accuracy [60,61] and the offline availability of smartphones will be further improved.



In this study, the raw data of smartphone location are modified by post-processing PPP mode. The test results show that the smartphone forest environment combined with PPP post-processing technology can achieve good location accuracy. Compared with relatively high-precision positioning methods, such as RTK, PPP technology does not require the cooperation of reference stations, so the measurement distance is not limited by base stations [62,63]. Suppose we combine the real-time PPP applications that have appeared on the Android platform, such as PPPAnd (a real-time precision single-point positioning (PPP) software on the Android platform developed by Wang et al. [64]) or the real-time precision single-point positioning software based on Android mobile terminals developed by Li et al. [65] and Guo et al. [66]. In that case, we can obtain a high level of real-time accuracy.



This study proves that smartphones, combined with modern positioning technology, have achieved a very similar accuracy level with recreational-grade receivers without differential correction in a forest and reached a positioning accuracy equivalent to that of recreational-grade receivers and older map-grade receivers. It proves that low-end receivers can be replaced by mobile intelligent devices [67]. It should be pointed out that advanced survey-grade receivers are still needed under a very dense canopy to carry out high-precision positioning [68].





5. Conclusions


This study compares the single-point positioning accuracy and PPP post-processing positioning accuracy of three smartphones (OPPO K9, Realme GT NEO, HUAWEI P50 Pro), commonly used recreational-grade GNSS devices (UniStrong G138BD), and survey-grade GNSS devices (HiTarget iRTK2). The influence of canopy openness on the number of satellites, signal quality, and positioning accuracy of GNSS devices is analyzed. The results show that:




	
The number of available satellites for dual-frequency smartphones and survey-grade receivers was significantly positively correlated with canopy openness (p < 0.05). There was a significant positive correlation between canopy openness and C/N0 (p < 0.05).



	
The C/N0 of survey-grade receivers is significantly higher than that of smartphones. In addition to recreational-grade devices, the positioning accuracy of smartphones and survey-grade devices improves with the increase in canopy openness. However, there is a threshold value for improvements in the positioning accuracy of the device by openness.



	
In SPP mode, the horizontal accuracy of the smartphone is low. The positioning accuracy of survey-grade and recreational-grade devices in all directions is better than that of smartphones. In comparison, the positioning accuracy of dual-frequency smartphones in smartphones is better than that of single-frequency smartphones.



	
After PPP-mode correction, the positioning accuracy of smartphones is improved by 2–4-times. The positioning accuracy of smartphones in all directions is better than that of recreational-grade devices, while survey-grade devices still maintain the highest positioning accuracy. When the canopy openness is greater than 0.7, the smartphone can reach a positioning accuracy of about 2.5 m.








In general, the horizontal positioning accuracy of dual-frequency smartphones under the forest is better than that of single-frequency smartphones, which can meet the accuracy of recording the approximate location of sample plots or rough navigation in the forest environment. If such work does not require high positioning accuracy, try to choose dual-frequency full-mode smartphones. After PPP-mode correction, the smartphone can achieve a horizontal positioning accuracy of about 2.5 m in the high-canopy openness environment (>0.7), meeting the accuracy requirements of forestry setting out, resetting, and forest boundary determination. However, in a low-canopy-openness environment (<0.7) and relatively complex forest location, survey-grade GNSS devices are still required to cooperate with PPP mode or real-time differential positioning technology to obtain more accurate sub-meter-level positioning data.
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Figure 1. Arrangement of GNSS device. 
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Figure 2. Sketch map of observation points and surrounding trees. 
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Figure 3. The hemispherical photo above represents observation points. 
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Figure 4. Test points openness and classification. 
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Figure 5. Methodology and data processing flow chart. 
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Figure 6. The number of available satellites with different canopy openness. 
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Figure 7. The number of available satellites with different canopy openness. Note: different letters in the figure indicate significant differences. 
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Figure 8. Carrier-to-noise density(C/N0) at L1 and L5 frequencies. 
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Figure 9. Comparison of C/N0 of NEO, P50, and iRTK2 in L1 and L5 frequencies. 
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Figure 10. Horizontal distance root mean square error (DRMS) of SPP model under different openness. 






Figure 10. Horizontal distance root mean square error (DRMS) of SPP model under different openness.



[image: Forests 13 01591 g010]







[image: Forests 13 01591 g011 550] 





Figure 11. Horizontal DRMS of the PPP model under different openness. 
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Figure 12. Horizontal accuracy comparison between SPP model and PPP model. Note: In the legend, if the device model is not marked, it refers to the accuracy of SPP, while marked PPP refers to the positioning accuracy processed by PPP technology. 
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Figure 13. Comparison of positioning accuracy between dual-frequency smartphone P50 and survey-grade receiver iRTK2 in SPP model (A); comparison of positioning accuracy between dual-frequency smartphone P50 and survey-grade receiver iRTK2 in PPP model (B). 
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Table 1. Satellite systems are supported by every device.
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Device

Model

	
Time to

Market

	
Operating System

	
Acceptable Signal Type of Global Navigation Satellite Systems (GNSS) Device




	
GPS

	
BDS

	
GLONASS

	
Galileo

	
QZSS






	
K9

	
2021

	
Android 11

	
L1

	
B1

	
L1

	
E1

	
L1




	
NEO

	
2021

	
Android 11

	
L1\L5

	
B1\B2

	
L1

	
E1\E5

	
L1\L5




	
P50

	
2021

	
Harmony

	
L1\L5

	
B1\B2

	
L1

	
E1\E5

	
L1\L5




	
G138BD

	
2012

	
OS2.0

	
L1

	
B1

	
L1

	
\

	
\




	
iRTK2

	
2014

	
\

	
L1\L2\L5

	
B1\B2\B3

	
L1\L2\L3

	
E1\E5a\E5b

	
L1\L2\L5
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Table 2. Correlation of canopy openness to the number of available satellites.
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	K9
	NEO
	P50
	IRTK2





	Correlation coefficient
	0.155
	0.304
	0.339
	0.612



	Significance
	0.250
	0.048
	0.010
	0.001
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Table 3. C/N0 of each device at different openness.
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Device Mode

	
Signal Frequency

	
Canopy Openness




	
0.1–0.3

	
0.3–0.5

	
0.5–0.7

	
0.7–0.9






	
K9

	
L1

	
29.35 ± 1.88 b

	
28.74 ± 1.05 b

	
30.46 ± 1.21 a

	
30.99 ± 1.56 a




	
NEO

	
L1

	
26.43 ± 1.25 c

	
26.42 ± 0.80 c

	
27.70 ± 0.86 b

	
28.64 ± 1.26 a




	
L5

	
25.30 ± 1.77 b

	
26.15 ± 1.50 b

	
25.91 ± 1.72 b

	
27.74 ± 1.03 a




	
P50

	
L1

	
28.87 ± 1.27 c

	
30.08 ± 1.29 b

	
30.56 ± 0.69 b

	
31.89 ± 1.16 a




	
L5

	
28.41 ± 1.25 b

	
29.11 ± 1.56 b

	
29.30 ± 1.71 b

	
30.82 ± 1.57 a




	
iRTK2

	
L1

	
41.16 ± 0.85 c

	
41.28 ± 0.79 c

	
42.25 ± 0.99 b

	
43.48 ± 1.56 a




	
L5

	
41.29 ± 1.09 c

	
41.68 ± 1.17 c

	
42.57 ± 0.78 b

	
43.42 ± 1.02 a








Note: Different letters in the same row in the table indicate significant differences, where “±” represents the standard deviation.
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Table 4. Correlation between C/N0 and canopy openness.






Table 4. Correlation between C/N0 and canopy openness.





	
Device Mode

	
K9

	
NEO

	
P50

	
iRTK2




	
L1

	
L1

	
L5

	
L1

	
L5

	
L1

	
L5






	
Correlation coefficient

	
0.492

	
0.641

	
0.363

	
0.625

	
0.392

	
0.601

	
0.591




	
Significance

	
0.001

	
0.001

	
0.006

	
0.001

	
0.003

	
0.001

	
0.001
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Table 5. Positioning accuracy of each device in single-point positioning (SPP) mode.






Table 5. Positioning accuracy of each device in single-point positioning (SPP) mode.





	
Error

Direction

	
Device

Mode

	
Canopy Openness




	
0.1–0.3

	
0.3–0.5

	
0.5–0.7

	
0.7–0.9






	
East

direction (m)

	
K9

	
8.36 ± 4.38 b

	
8.00 ± 3.98 b

	
6.70 ± 2.48 b

	
4.95 ± 1.80 a




	
NEO

	
7.89 ± 3.64 b

	
7.02 ± 2.36 b

	
5.41 ± 1.49 a

	
4.70 ± 2.00 a




	
P50

	
5.71 ± 1.12 a

	
7.83 ± 3.91 b

	
5.47 ± 2.17 a

	
4.62 ± 1.86 a




	
G138BD

	
3.67 ± 1.82 b

	
2.88 ± 1.20 ab

	
2.38 ± 0.82 a

	
2.18 ± 1.51 a




	
iRTK2

	
1.35 ± 0.84 b

	
1.60 ± 1.06 b

	
1.06 ± 0.51 ab

	
0.63 ± 0.39 a




	
North

direction (m)

	
K9

	
7.99 ± 1.91 b

	
9.30 ± 4.05 b

	
7.61 ± 1.78 b

	
5.67 ± 2.13 a




	
NEO

	
7.75 ± 2.56 b

	
8.42 ± 2.58 b

	
7.24 ± 2.65 b

	
5.03 ± 2.23 a




	
P50

	
6.90 ± 2.18 b

	
7.72 ± 2.24 b

	
6.92 ± 2.61 b

	
5.20 ± 2.15 a




	
G138BD

	
2.85 ± 0.81 a

	
3.53 ± 0.90 a

	
2.85 ± 1.47 a

	
3.36 ± 1.55 a




	
iRTK2

	
1.49 ± 0.49 b

	
1.61 ± 0.73 b

	
1.52 ± 0.51 b

	
0.86 ± 0.54 a




	
Elevation

direction (m)

	
K9

	
16.72 ± 6.10 ab

	
18.19 ± 7.91 b

	
14.84 ± 4.65 a

	
13.03 ± 5.80 a




	
NEO

	
14.42 ± 5.25 a

	
16.72 ± 5.99 b

	
16.45 ± 4.76 b

	
12.99 ± 5.86 a




	
P50

	
11.67 ± 3.33 a

	
16.95 ± 5.44 b

	
14.46 ± 4.68 b

	
11.18 ± 3.90 a




	
G138BD

	
13.10 ± 1.68 bc

	
12.99 ± 2.36 c

	
11.26 ± 2.54 b

	
9.48 ± 2.31 a




	
iRTK2

	
3.65 ± 0.83 a

	
3.76 ± 1.62 a

	
3.45 ± 1.12 a

	
2.79 ± 1.56 a




	
Horizontal

direction (m)

	
K9

	
11.91 ± 3.61 b

	
12.35 ± 5.46 b

	
10.28 ± 2.50 b

	
7.67 ± 2.29 a




	
NEO

	
11.10 ± 4.31 b

	
11.03 ± 2.17 b

	
9.11 ± 2.81 b

	
6.96 ± 2.81 a




	
P50

	
9.03 ± 2.07 ab

	
10.51 ± 2.80 b

	
9.54 ± 2.73 b

	
7.04 ± 2.09 a




	
G138BD

	
4.75 ± 1.66 a

	
4.65 ± 1.16 a

	
3.89 ± 1.18 a

	
4.29 ± 1.42 a




	
iRTK2

	
2.08 ± 0.78 b

	
1.99 ± 0.54 b

	
1.85 ± 0.67 b

	
0.99 ± 0.48 a








Note: Different letters in the same row in the table indicate significant differences, where “±” represents standard deviation.
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Table 6. Positioning accuracy of each device in precise-point positioning (PPP) mode.






Table 6. Positioning accuracy of each device in precise-point positioning (PPP) mode.





	
Error

Direction

	
Device

Mode

	
Canopy Openness




	
0.1–0.3

	
0.3–0.5

	
0.5–0.7

	
0.7–0.9






	
East

direction (m)

	
K9

	
1.94 ± 1.47 a

	
2.45 ± 2.10 a

	
2.16 ± 1.85 a

	
1.53 ± 1.66 a




	
NEO

	
3.48 ± 2.53 b

	
2.60 ± 1.73 ab

	
3.04 ± 2.17 b

	
1.40 ± 1.60 a




	
P50

	
1.85 ± 1.74 ab

	
1.89 ± 1.44 b

	
1.07 ± 0.87 a

	
1.29 ± 0.78 ab




	
iRTK2

	
0.80 ± 1.02 a

	
0.70 ± 0.54 a

	
0.46 ± 0.37 a

	
0.40 ± 0.38 a




	
North

direction (m)

	
K9

	
3.45 ± 1.85 ab

	
3.77 ± 3.03 b

	
3.36 ± 2.81 ab

	
1.69 ± 1.64 a




	
NEO

	
2.07 ± 1.30 a

	
2.92 ± 2.18 a

	
3.16 ± 2.38 a

	
1.73 ± 1.41 a




	
P50

	
2.86 ± 2.16 b

	
1.79 ± 0.97 ab

	
1.48 ± 1.37 a

	
2.17 ± 1.61 ab




	
iRTK2

	
0.87 ± 0.46 a

	
0.84 ± 0.85 a

	
0.82 ± 0.45 a

	
0.59 ± 0.53 a




	
Elevation

direction (m)

	
K9

	
4.43 ± 3.52 a

	
4.10 ± 4.24 a

	
4.84 ± 4.55 a

	
2.51 ± 3.54 a




	
NEO

	
3.02 ± 1.93 a

	
3.77 ± 2.53 a

	
3.75 ± 2.55 a

	
3.94 ± 2.22 a




	
P50

	
1.59 ± 0.89 b

	
4.62 ± 2.55 a

	
4.67 ± 3.27 a

	
4.16 ± 3.42 ab




	
iRTK2

	
1.23 ± 1.07 a

	
1.74 ± 1.38 a

	
1.90 ± 1.52 a

	
2.27 ± 1.78 a




	
Horizontal

direction (m)

	
K9

	
4.10 ± 2.04 ab

	
4.66 ± 3.45 b

	
4.50 ± 2.58 b

	
2.69 ± 1.80 a




	
NEO

	
4.24 ± 2.48 b

	
4.23 ± 2.22 b

	
4.61 ± 2.84 b

	
2.43 ± 1.88 a




	
P50

	
3.96 ± 1.67 b

	
2.82 ± 1.33 ab

	
2.01 ± 1.37 a

	
2.69 ± 1.50 ab




	
iRTK2

	
1.35 ± 0.85 b

	
1.25 ± 0.80 b

	
1.01 ± 0.44 ab

	
0.75 ± 0.60 a








Note: Different letters in the same row in the table indicate significant differences, where “±” represents standard deviation.
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