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Abstract
The local-tie vectors, which connect coordinate frames of different space geodetic techniques, are indispensable for the construction of the International Terrestrial Reference Frame (ITRF). To obtain the local-tie vector connecting very long baseline interferometry (VLBI) sites with high measurement accuracy, it is crucial to accurately determine the antenna invariant point (IVP), which does not change its position under any tracking conditions. In the 2018 co-location survey at Ishioka station, we employed two methods to determine the IVP; “inside” and “outside” methods. We observed a target mirror from inside or outside of the antenna and derived trajectories of the target used for estimation of the rotation axes. Both the methods successfully estimated the IVPs with the measurement error of less than 1 mm, meeting the requirement of measurement accuracy by the International Earth Rotation and Reference Systems Service (IERS). The striking point is that the difference between the IVP positions was less than 1 mm, suggesting that both the methods could determine almost the same position independently. While they both can determine the IVPs with high measurement accuracy, it should be noted that the inside method substantially improved the operational efficiency. For the outside method, we had to repeat the target observations from four or more pillars around the VLBI antenna, with the reinstallation of a total station (TS) if needed. In contrast, for the inside method, we can observe the target from one place inside the antenna in a short time with only one TS no matter where the mirror is attached in the azimuth cabin. We concluded that the inside method is an effective and practical approach to accurately estimate the IVP.
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Introduction
The Global Geodetic Reference Frame (GGRF) is a fundamental and inevitable platform to know a common position. One of the most well-known GGRFs is the International Terrestrial Reference Frame (ITRF) provided by International Earth Rotation and Reference Systems Service (IERS) (https://​www.​iers.​org/​IERS/​EN/​DataProducts/​ITRF/​itrf.​html). The ITRF is constructed with four space geodetic techniques: Global Navigation Satellite System (GNSS), Satellite Laser Ranging (SLR), Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS), and Very Long Baseline Interferometry (VLBI) (Petit and Luzum 2010; Altamimi et al. 2016, 2017). The TRF solutions of station coordinates are individually determined by each technique, and this is why they are spatially independent of one another, resulting in a spatial inconsistency. Therefore, it is essential to combine the solutions to construct one frame, namely, the ITRF. The information on relative positions to tie the different frames is known as local-tie vectors (Altamimi 2008). The survey to determine the local-tie is called co-location. The quality of the local-tie should be directly related to that of the ITRF; therefore, it is crucial to conduct the co-location with high accuracy as well as with individual space geodetic observations.
Ishioka Geodetic Observing Station (hereafter called Ishioka) is one of the co-location sites (Altamimi 2005; Rothacher et al. 2009) in Japan, where VLBI and GNSS sites are located (Fig. 1). To measure the local-tie between VLBI and GNSS, it is required to determine the reference position of the VLBI antenna, which is the invariant point of antenna (hereafter referred to as IVP). However, it is not so easy to determine the IVP, because the IVP is positioned “somewhere” in the antenna structure, i.e., the position is invisible and inaccessible. In the background, the methods to indirectly estimate the IVP have been developed (Woods 2008). The methods are categorized into two types in this study, inside method and outside method. In the outside method, a target mirror is measured, which is used to estimate the IVP, from the outside of the VLBI antenna, while in the inside method, the target is measured from the inside of the antenna. The outside method is applicable to any type of antenna structure and is one of the conventional ways to estimate the IVP (Hasegawa et al. 2002). However, this method is time-consuming and laborious, because it is necessary to observe the target from various directions while changing locations. On the other hand, the inside method is a novel approach for the estimation of IVP as we can conduct the survey efficiently in a short time, although it is allowed for the antenna to have a specific structure containing the pillar inside (López-Ramasco and Córdoba-Hita 2017). If the inside method achieves the measurement accuracy level desired by IERS, it can improve the efficiency of co-location. However, there is little documentation on how accurately the inside method can estimate the local-ties compared with the outside method. With this background, we applied both the methods at the same station to confirm whether the inside method can be used as an alternative to estimate the IVP.[image: ]
Fig. 1Location and the panoramic view of the Ishioka station. a Location map; b panoramic view


In this paper, first, we will introduce the method of VLBI–GNSS local-tie survey in Ishioka and describe two methods for the estimation of IVP. Second, we will show the results of co-location that took place in 2018, using both the methods, and compare the measurement accuracy and the operational efficiency.
Co-location at Ishioka
Ishioka is located in Ibaraki prefecture of Japan (Fig. 1a), about 70 km from Tokyo, and is operated by the Geospatial Information Authority of Japan (GSI). This station has two space geodetic observation systems: VLBI and GNSS. A 13.2 m radio telescope is installed in the station, and GSI has been participating in international observations coordinated by International VLBI Service (IVS) since 2015. It is the first antenna in Japan meeting the criteria for “VLBI Global Observing System (VGOS)”, which aims to achieve high precision results by high-speed operation of the antenna, wide bandwidth observation, and high-speed network connection (Petrachenko et al. 2009). The GNSS station “ISHI” is registered by the International GNSS Service (IGS) as an IGS Continuously Operating Reference Station (CORS) and has provided the GNSS data continuously. The data obtained from these sites play an essential role in the ITRF construction. Therefore, Ishioka station is one of the most important sites for the global geodetic survey.
Figure 1b shows the panoramic view of Ishioka station. The local-tie obtained by the co-location is the vector between the IVP of the VLBI antenna and the GNSS antenna reference point, which is drawn with a red arrow. To determine the local-tie, four pillars (numbered 1, 2, 3, and 4) are placed around the VLBI antenna and the GNSS antenna. In addition, there is a ground marker for VLBI, which does not have the global coordinate and is meant for domestic use only. All these points have DOMES (Directory of MERIT Sites) numbers registered by IERS Additional file 1: (Table S1).
Method for estimate of IVP
Outline of co-location
IERS requires the estimation of the local-tie within 1 mm accuracy (Poyard 2017). To achieve this, traditional survey methods such as traversing and levelling are competent.
The process of co-location is roughly divided into two processes; one is a survey to measure a local-tie in a local frame (Fig. 2a), and the other is to unite a coordinate in a local frame to a global frame (Fig. 2b). First, we determine the VLBI–GNSS local-tie in the local frame. The antenna reference point (hereafter called ARP) of the GNSS is defined as the center of the bottom of the choke ring antenna’s ground plane. Since we cannot measure the endpoints of local-tie, we conducted the survey in the following three steps:	(a)
Measuring the positional relation of pillars,

 

	(b)
Measuring the positional relation between pillars and ARP, and

 

	(c)
Measuring the positional relation between pillars and IVP.

 



[image: ]
Fig. 2Outline of co-location survey. a Measuring the positional relations of pillars; b measuring the positional relations between pillars and ARP of GNSS; c measuring the positional relations between pillars and IVP of VLBI; d measuring the orientation angle


These surveys were conducted in combination with traversing and levelling surveys. Through the three steps, VLBI and GNSS were connected in the local frame. In the next step, we measured orientation angles to rotate the coordinates of the local frame to the global frame using Total Station (TS) and GNSS (Fig. 2b). Moreover, correction of vertical deviation was required to unite Geocentric Coordinate System conforming to ITRF. The main aim of this study, which is identify the method of measuring the relationship between the pillars and VLBI antenna, is described in next section. The details of the other surveys are described in Additional file 5: (Text S1).
Observation methods to determine rotation axes
We focused on the methods of estimation of the IVP that is indispensable to obtain a local-tie. The Ishioka’s VLBI antenna has azimuth and elevation (hereafter called Az and El, respectively) mounting types that the antenna rotates in Az and El directions around the axes. The IVP is sometimes defined as “secondary axis projection over the primary axis” (Dawson et al. 2005; Poyard 2017), where primary and secondary axes are equivalent to Az and El axes on Az and El mounting type antenna, including Ishioka; hereinafter it is simply defined as the intersection of the Az axis and the El axis (Fig. 3a). The Az and El axes can be individually estimated using trajectories of a fixed point on the antenna. To obtain the trajectory data, we installed a target mirror attached to the antenna as the fixed point and estimated the position of the target by measuring the distance and the angle between the target and a pillar, where a TS is installed. Each time the measurement was completed, we rotated the antenna around the El axis and measured the target position again. By repeating the measurements, we acquired one data set to estimate the El axis (blue dots in Fig. 3a). After obtaining the data set for one El axis, we rotated the antenna around the Az axis and repeated the measurements for various elevation angles in the same manner. By repeating the measurements by rotating the antenna around the Az axis, we collected the data set to estimate the Az axis (red dots in Fig. 3a). Using the trajectory data for the El and the Az axes, we determined the positions of the El and the Az axes using the least squares approach.[image: ]
Fig. 3Conceptual picture of how to estimate IVP. a Relation between rotation axes, IVP and target positions for axis method. El and Az axes are estimated with target positions indicated by blue and red dots, respectively; b relation between IVP and target positions for sphere method


The measurement of the IVP position is one of the potential sources that produces relatively large errors in the co-location survey, as the invisible IVP position cannot be directly measured. Therefore, it is crucial to accurately measure the target positions for the accurate determination of IVP position. For this purpose, there are two methods to measure the target positions; the outside method and the inside method. In general, antenna thermal expansion could affect the estimation of IVP. However, the issue concerning the thermal effect is beyond the scope of this study, and needs extensive study in future.
Outside method
In the outside method, we observed the target mirror from the “outside of the antenna structure”. The target mirror was attached to the outside wall of the antenna moving part (Fig. 4). This target was observed at neighboring pillars with TSs installed on the pillars. Once we had measured the distance and angle from the pillars, we moved the antenna around the El axis, and observed the target mirror again. We repeatedly observed several elevation angles with a constant azimuth direction. After the measurement, we rotated the antenna around the Az axis and made similar observations for various elevation angles. There could be a maximum of two pillars from which a target can be directly measured. After rotating the antenna around the Az axis, we observed the target at other pillars, where target was hidden behind and was not visible.[image: ]
Fig. 4Target for outside method. a Position attaching target mirror; b target mirror used for outside method (Cateye-reflector)


The observed points were distributed on a circular arc around an axis (Fig. 3a). From a series of observations, we drew arcs from the target’s trajectory and estimated one axis corresponding to the center points of these arcs by the least squares method. We could finally determine the IVP from the intersection of the estimated El and Az axes.
Inside method
In the inside method, the target mirror is observed from the “inside of the antenna structure”. The Ishioka’s antenna has a specific structure, where a tall pillar reaching the Az cabin (Fig. 5) is installed inside the antenna (hereafter called inside pillar). Notably, the inside pillar is fixed on the ground and is independent of the antenna rotation. The target is observed not from the Pillars 1 to 4 (Fig. 1), but from the inside pillar only.[image: ]
Fig. 5Schematic view of antenna structure and target positions for inside method. M1, M2, M3, and M4 represent positions, where the target mirror is attached to the inside wall of the Az cabin


The procedure for the target observation in the inside method is as follows. We first determined the position of the inside pillar relative to Pillars 1 to 4 and VREF. We measured the distance and the angle from the inside pillar with a TS. Second, we observed the target mirror attached to the inside wall of the Az cabin at the inside pillar (Fig. 5). The TS was installed on the inside pillar, which is near the IVP position. We repeated the target observations for various Az or El directions as in the outside method and collected the target positions (Fig. 6). The rotation axes were estimated using circular arcs consisting of observed target positions. The intersection of the estimated Az and El axes is the IVP.[image: ]
Fig. 6Conceptual picture for estimating the axes by the inside method. Dots represent target positions observed by TS. Dotted line stands for trajectory consisting of observed target positions. a Relation between estimated Az axis and circular arcs is represented by the trajectory of target mirror; b same as (a) but for El axis


Calculation
We used the software “pyaxis” to calculate the local-tie (Land Information New Zealand 2015). Input data are listed in Additional file 2: Table S2. Input data included the error values for each observation. In this study, the error values are in accordance with the rules given in Additional file 3: Table S3. Running the pyaxis software with the compiled observation data, we calculated the local-tie using the following three steps: (1) estimation of XYZ positions in the global frame for all observed points including the target mirror, the inside pillar, and Pillar 1 to 4 with the least squares adjustment; (2) estimation of the initial parameter for iteration, such as the positions of IVP and rotation axes using the positions calculated in step1; (3) re-estimation of XYZ positions, including the IVP using the parameters estimated in step 2 with the least squares adjustment.
Correction to the vertical deviation is also needed as an input value. The inclination of the geoid at the Ishioka station was calculated with the geoid value from the geoid model of Japan, “GSIGEO2011”, provided by GSI (Miyahara et al. 2014). We used the AUSPOS (Geoscience Australia 2000) provided by Geoscience Australia, which is the online GPS Processing Service to process the GNSS analysis (Jia et al. 2014).
Observation in 2018
We have conducted the co-location at Ishioka station to contribute for the construction of the ITRF regularly. In November 2018, we conducted the survey with the conventional outside method for the ITRF 2020 construction as part of the regular survey, while we additionally applied the inside method as a feasibility test to see if the inside method is applicable to the Ishioka’s antenna. With this background, in current study, we used the data obtained by the two methods in 2018, and investigated the measurement accuracy. The main instruments we used for the observation are listed in Additional file 4: Table S4.
To observe with the outside method, we magnetically attached the target mirror (Leica Cateye-reflector) to the outside wall of the antenna and observed the target from two TSs (NET2B) installed on the neighboring pillars. Table 1 shows the observation sets. In the case of observation 1, we set the antenna at 0° in Az axis and 90° in El axis and observed the horizontal angle, vertical angle, and slope distance of the target from the Pillars 3 and 4. We repeated the process for 5 El angles at 1 Az direction and also for 8 directions in Az axis. We observed 40 points in total, excluding the outlier (observation 25) for the calculation.Table 1Combination of antenna’s rotation angles and observation pillars for the outside method. The Az angle is measured from north clockwise, and the El angle is measured from horizon to zenith. Observation 25 is not used for the calculation due to outlier


	Observation
	Az [deg]
	El [deg]
	Observation point
	Observation
	Az [deg]
	El [deg]
	Observation point

	1
	0
	90
	Pillar 3 & Pillar 4
	21
	180
	90
	Pillar 1 & Pillar 2

	2
	0
	60
	22
	180
	60

	3
	0
	45
	23
	180
	45

	4
	0
	30
	24
	180
	30

	5
	0
	0
	25
	180
	0

	6
	335
	0
	26
	165
	0

	7
	335
	30
	27
	165
	30

	8
	335
	45
	28
	165
	45

	9
	335
	60
	29
	165
	60

	10
	335
	90
	30
	165
	90

	11
	280
	90
	Pillar 2 & Pillar 3
	31
	95
	90
	Pillar 1 & Pillar 4

	12
	280
	60
	32
	95
	60

	13
	280
	45
	33
	95
	45

	14
	280
	30
	34
	95
	30

	15
	280
	0
	35
	95
	0

	16
	260
	0
	36
	65
	0

	17
	260
	30
	37
	65
	30

	18
	260
	45
	38
	65
	45

	19
	260
	60
	39
	65
	60

	20
	260
	90
	40
	65
	90




For the observation with the inside method, we installed the targets (SOKKIA CPS12) on the wall inside the Az cabin. We used the TS to implement a utility to track the target automatically (NET05), while the antenna was rotating. We controlled the TS observation using a general mobile computer connected to the TS which could send commands to start/stop the observation and recorded the observed values as a log file. We got each value for horizontal/vertical angle and distance. There were 4 positions in which we installed the targets (Fig. 5); we recorded a total of 8 observations (Table 2). In the case of observation 3, the target was installed at M1, and the antenna was driven only for Az direction from 0° to 330° in El at 90°. We observed the target for every 30° of Az direction rotating clockwise and then counter-clockwise. There were 4 set of observations for estimating the Az axis (Observation 3, 4, 7 and 8). We drew a circular arc with the track of targets for each observation set. We could estimate the Az axis as the line connecting the center points of these circles. In the case of El axis, two axes were estimated for Az 125° (Observation 1, 5) and Az 215° (Observation 2, 6) (Fig. 6).Table 2Combination of target mirror’s positions and antenna rotation angles for inside method


	Observation
	Target position
	Az [deg]
	El [deg]

	1
	M1
	125
	0–90

	2
	215
	0–90

	3
	0–330
	90

	4
	0–330
	0

	5
	M2
	125
	0–90

	6
	215
	0–90

	7
	M3
	0–330
	90

	8
	M4
	0–330
	90




For the estimation of the Az axis, we obtained 5 and 4 circular arcs using the outside and the inside method, respectively. The Az axis was determined as an optimal line connecting the centers of these circular arcs by the least squares method (Figs. 7a and 8a). We thus estimated one Az axis for both the methods. On the other hand, for the El axis, we estimated multiple axes. In the outside method, one El axis was estimated assuming that the target positions (derived from the measurements for 5 El angles) are positioned on a part of circular arc on a plane. In the 2018 observation, we obtained the 8 data sets for the estimation, as indicated by colored plots in Fig. 7b. In the inside method, we used the 2 data set for the estimation. One El axis was calculated using two circular arcs consisting of target positions which was measured at exact opposite Az directions. In the 2018 observation, we measured 4 Az angles, thus there are 2 pairs for the determination of El axis, as indicated by blue and light blue dots in Fig. 8b. We thus estimated one Az axis for both the methods, and 8 and 2 El axes for the outside method and the inside method, respectively.[image: ]
Fig. 7Image of the estimated rotation axes and observed target positions for the outside method. a Az axis and target positions. Red-colored vertical line stands for the estimated Az axis. Red dots represent the observed target positions. Red-colored circles represent the trajectory of the target positions used for the estimate of Az axis; b El axes and target positions. Colored horizontal lines stand for the estimated El axes. Colored dots and circles represent the observed target positions and trajectory of the target positions, respectively

[image: ]
Fig. 8Image of the estimated rotation axes and observed target positions for the inside method. a Az axis and target positions. Red-colored vertical line stands for the estimated Az axis. Red dots represent the observed target positions. Red-colored circles represent trajectory of the target positions, used for the estimate of the Az axis; b El axes and target positions. Blue and light blue-colored horizontal lines stand for the estimated El axes. Blue and light blue-colored dots and circles represent the observed target positions and trajectory of the target positions, respectively


Results and discussion
Local-tie determined by the outside and the inside methods
Table 3 shows the local-ties between VLBI and GNSS with the two methods. The VLBI–GNSS local-tie is represented as the geocentric orthogonal coordinate system (based on the ITRF2014, Epoch: 2018.316). The local-ties estimated by the inside method are shown in the upper column; − 12.7395 m, 10.8621 m, and − 37.0959 m for X, Y, and Z, respectively, while, for the outside method, the estimated local-tie is − 12.7390 m, 10.8625 m, and − 37.0955 m for X, Y, and Z, respectively. The corresponding standard deviations are listed in parentheses; for the inside method, 0.9 mm, 0.9 mm, and 0.8 mm for X, Y and Z, respectively, and for the outside method, 0.8 mm, 0.7 mm, and 0.7 mm for X, Y, and Z, respectively. The striking point is that they both are less than 1 mm for each observation method, indicating that they meet the IERS criteria for measurement accuracy (Poyard 2017) in this case. We can conclude that both the observation methods achieve sufficient accuracy for estimating the IVP position.Table 3VLBI–GNSS local-tie vectors estimated by inside and outside methods. Values in parenthesis represent measurement errors


	 	X
	Y
	Z
	Baseline

	Inside method [m]
	− 12.7395 (0.0009)
	10.8621 (0.0009)
	− 37.0959 (0.0008)
	− 40.6987

	Outside method [m]
	− 12.7390 (0.0008)
	10.8625 (0.0007)
	− 37.0955 (0.0007)
	− 40.6983

	Differences [m]
	− 0.0005
	− 0.0004
	− 0.0004
	0.0004




We further emphasize that the differences in the IVP positions across the two observation methods are small; − 0.5 mm, − 0.4 mm, and − 0.4 mm for X, Y, and Z, respectively. It means that both the methods are capable of estimating almost the same position within a difference of less than 1 mm. We recognize that both methods can accurately determine the IVP position with the required accuracy in the common global frame.
Both the methods have comparable performance, while the inside method has a remarkable advantage, that is, the inside method substantially improves the efficiency of field work. It is obvious that working days for the inside method were less than those for the outside method. In the 2018 observation, it took 5 days in total to complete the measurement of the target for the outside method, while for the inside method it took only 1 day to complete. The major reason for the difference is the way of observation from pillars. For the outside method, we need to reinstall the TS on the other pillar when the target is no longer visible from a pillar after the antenna rotates around the Az axis. This is because the target mirror is attached to the antenna on one side (Fig. 4), and the target is not always visible from one place. One solution for improving the operational efficiency is the use of multiple TSs. In case of the 2018 co-location, we used two TSs for the target observation, thus spending 5 days to complete the target observation. However, the disadvantage is the high cost instruments. On the other hand, with the inside method, we can observe the targets at “one” place no matter where the mirror is attached in the Az cabin (Fig. 5). One TS is enough for the target observation. Reinstalling the TS is not required, and thus it is possible to observe many positions in a short time; only 1 day in the 2018 survey.
As suggested above, it is obvious that the inside method is accurate enough and is more efficient compared with the outside method. Therefore, we can say that the inside method is a more usable method than the outside method. Observation with the inside method is cost-effective, and the co-location can be conducted at short intervals for achieving continuous improvement of ITRF. We hope that the inside method would be widely used in future, although there are few stations which have the same type of antenna at the moment.
Comparison between axis method and sphere method
In addition to the way of estimating the IVP as an intersection of individual Az and El axes, described in Chapter 3, there is an alternative way to estimate the IVP using an imaginary sphere (Fig. 3b). We here call the former the “intersection of axes method (axis method)” (e.g., Dawson et al. 2005) and the latter the “center of imaginary sphere method (sphere method)” (e.g., Hasegawa et al. 2002). Calculation with the pyaxis is performed by the axis method. In the sphere method, the IVP is determined as the center of the imaginary sphere (Fig. 3b) which consists of observed target points. We had conventionally employed the sphere method to get the local-tie for submission to IERS (Matsuzaka et al. 2002), and also in the 2018 observation, we actually estimated the IVP by applying the sphere method in the 2018 observation. Therefore, we here compare the results calculated with the axis method and the sphere method to check the measurement accuracy.
The target positions are assumed to be on the surface of the imaginary sphere. The center position of the sphere is determined with the least squares method without the determination of Az/El axes (Miura et al. 2009). The detailed method is described in the Additional file 5: (Text S1).
We estimated the IVP using the same target points obtained by the outside method, and compared the results inferred from the axis method and the sphere method. Table 4 shows the local-tie and differences between the two. Upper column is the vector calculated by the sphere method, and the middle column is that by the axis method which is the same as the outside method shown in Table 3. The lower column stands for the difference in the IVP positions between the two methods. The differences are 0.0 mm, − 0.3 mm, and − 0.5 mm for X, Y, and Z, respectively, meaning that both methods can determine almost the same position. We here emphasize that both of the calculation methods are comparable to estimate the IVP with enough accuracy.Table 4VLBI–GNSS local-tie vectors estimated by axes method and sphere method


	 	X
	Y
	Z
	Baseline

	Sphere method [m]
	− 12.7390
	10.8622
	− 37.0960
	40.6987

	Axes method [m]
	− 12.7390
	10.8625
	− 37.0955
	40.6983

	Differences [m]
	0.0000
	− 0.0003
	− 0.0005
	0.0004




Although both of the methods can estimate the IVP position with comparable IVP accuracy, the axis method is preferable. This is because the offsets and orthogonality between Az and El axes, which is a parameter used as a kind of indicator to evaluate the mechanical accuracy of the antenna, can be calculated by determining the positions of the individual axes.
Here let us confirm how well the axes intersect actually. Table 5 shows the offsets estimated by the inside method and the outside method in the 2018 observation. For the inside method, the offset between the Az axis and the El axes is estimated to be 0.1 mm. For the outside method, the offset is approximately 1.5 mm on an average, although the estimates have slight dispersion. There was little offset between the two axes, such that we could identify that the rotation axes of the Ishioka’s antenna are not in skew position but almost intersect in the same plane.Table 5Offsets between Az and El axes estimated by the inside method and outside method


	 	El axis for antenna Az angle: [deg]
	Offset [m]

	Inside method
	125
215
	− 0.0001
− 0.0001

	Average (abs.)
	0.0001

	Outside method
	0
335
280
260
180
165
95
65
	0.0007
− 0.0002
0.0004
0.0024
0.0014
0.0044
0.0009
− 0.0016

	Average (abs.)
	0.0015




Conclusions
We employed the inside and outside methods to determine the IVP position of the VLBI antenna in the 2018 co-location campaign at Ishioka station, and investigated the measurement accuracy in comparison with the estimated positions. Both the methods determined the IVP positions with a measurement error of less than 1 mm, which meets the criteria of measurement accuracy required by the IERS. It should be noted that the IVP positions are successfully estimated with a difference of less than 1 mm, suggesting that both the methods determine almost the same position independently. Either method can achieve a highly accurate estimate of the IVP position, while the inside method has an advantage in that the method substantially improves the operational efficiency. For the outside method, we need to repeat the target observations from four or more pillars around the VLBI antenna with reinstalling TS, while for the inside method, we can observe the target from one place inside the antenna in a short time with only one TS no matter where the target mirror is attached in the Az cabin. We can say that the inside method is an effective and practical approach to accurately estimate the IVP, although it is applicable to only the antenna having the specific structure containing the pillar inside. In addition, we compared the IVP positions estimated by two different calculation methods; the axis method and the sphere method. Both methods successfully determined almost the same IVP positions, with the differences of less than 1 mm. We can identify that both the methods can achieve enough measurement accuracy for IVP determination, while it would be desirable to use the axis method, because we can evaluate the mechanical accuracy of the antenna by utilizing the positional offset between the El and Az axes.
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