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Abstract: As pre-launch antenna calibrations are not available for GPS and GLONASS satellites, the
high correlation between the terrestrial scale and phase center offset (PCO) prevents a reliable estima-
tion of the terrestrial scale with GNSS (Global Navigation Satellite System) technology. Fortunately,
the ground calibrated PCO values for Galileo, BeiDou navigation satellite system (BDS), and QZSS
have been released, making a reliable estimation of the terrestrial scale with GNSS possible. In the
third reprocess (repro3) of International GNSS Service (IGS), the terrestrial scale derived with Galileo,
has been used. To evaluate the consistency of the terrestrial scale derived from the BDS-released PCOs
as well as Galileo-released ones, and to incorporate BDS into IGS repro3 as well as operational legacy
analysis, the phase center variations (PCV) and PCO for BDS medium earth orbit (MEO) and inclined
geostationary orbit (IGSO) satellites are estimated to be consistent with GPS/GLONASS antenna
offsets in two frames, i.e., IGb14 and IGS R3, considering robot calibrations of the ground receiver
antenna models for BDS released by Geo++. We observe that the average offset of Z-PCOs achieves
+98.8 mm between BDS official released and the estimated PCOs in IGb14 frame for BDS-3 MEO
satellites, whereas the average offset for Z-PCO is about +174.1 mm (about —1.27 ppb at the height of
BDS MEO satellites) between the solutions in IGSR3 and IGb14 frame. The phase center solutions are
evaluated with orbit boundary disclosures (OBD) as well as the global station coordinates. The orbit
consistency benefits from the PCO/PCV estimates, particularly for BDS-2 MEO satellites, of which
the 3D RMS (root mean square) OBD is reduced by 50%, whereas 3D OBD achieves about 90.0 mm
for BDS-3 MEO satellites. Moreover, the scale bias between BDS-derived station coordinates and IGS
legacy solutions in IGb14 frame is reduced from +0.446 + 0.153 ppb to +0.012 =+ 0.112 ppb using
PCO/PCV estimates in IGb14, instead of the BDS official released values. Additionally, the residuals
of the BDS-derived station heights (after the Helmert transformation) are slightly reduced from 9.65
to 8.62 mm. On the other hand, about +0.226 £ 0.175 ppb is observed between BDS-only coordinate
solutions derived from PCO/PCV estimates in IGSR3 frame and the IGS repro3 initial combination.
These results demonstrate that the scale inconsistency derived from BDS and Galileo released PCOs
is about +1.854 £ 0.191 ppb, and a good consistency of PCO/PCC estimates for BDS in IGb14 and
IGSR3 frame with other systems of GPS/ GLONASS antenna offsets is achieved.

Keywords: phase center offset; phase center variation; BDS; IGb14; IGSR3

1. Introduction

With the launch of the last satellite on 23 June 2020, Chinese BeiDou navigation
satellite system (BDS) completed its construction and was officially announced to provide
global position, navigation, and timing (PNT) services. Until 2 December 2020, there have
been 49 satellites distributed in geosynchronous orbit (GEO), inclined geostationary orbit
(IGSO), and medium earth orbit (MEO) [1]. To analyze all available Global Navigation
Satellite System (GNSS) signals by preparing the International GNSS Service (IGS) for multi-
GNSS data processing, the pilot project named as the multi-GNSS experiment (MGEX) was
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initiated in 2012 [2]. As a backbone of the MGEX project, a new network of multi-GNSS
monitoring stations has been deployed around the globe. With the observations collected
by MGEX and other tracking networks, several analysis centers (ACs), e.g., the Center
for Orbit Determination in Europe (CODE, Bern, Switzerland), German Research Center
for Geosciences (GFZ, Potsdam, German), and Wuhan University (WHU, Wuhan, China),
have provided the precise ephemeris, clock, and biases products for BDS satellites. The
experimental combination indicates that the BDS orbit consistency between the contributing
ACs has reached a level of more than several decimeters to meters for GEO and IGSO, and
several centimeters for MEO satellites [3].

Besides the dynamic model, the consistent measurement models, particularly phase center
corrections (PCCs), used in data processing are essential for more consistency of GPS and
GLONASS orbits as shown by Schmid et al. [4] and Dilssner et al. [5]. GNSS observations
measure the geometric distance between the antenna phase center locations of the navi-
gation satellite at signal emission time and the receiving antenna at signal reception time.
The phase center locations are usually different from the mechanical antenna reference
points (ARP) which are used for GNSS observation modeling. Because of this difference,
high-precision GNSS applications require a set of PCCs to tie the GNSS measurements
consistently to the ARP of the satellite and receiver antenna. Normally, the set of PCCs
for the antenna phase center consists of the phase center offset (PCO) and phase center
variation (PCV). PCO of satellite antenna is a vector which defines the position of the
“mean antenna phase center” with respect to the center of mass (CoM), which is the ARP of
the satellite [6]. PCV is a consistent function which models the locations of actual antenna
phase centers with respect to the “mean antenna phase center” depending on the obser-
vation direction. For signal transmitting antennas, although its PCC could be estimated
from global GNSS tracking data, due to high mathematical correlations between the station
heights, tropospheric delays, and PCC of receiver antenna, it is not possible to obtain
reasonable solutions without making two fundamental assumptions [7-9]: (1) absolute
antenna PCCs for the receiving antennas have to be introduced as known, and (2) the scale
of the terrestrial network has to be fixed with respect to a particular terrestrial reference
frame. For the first assumption, prior to 6 November 2006, the relative PCCs were used for
receiver antenna. However, using relative calibrations in global networks yields systematic
effects. Hence, the absolute antenna calibration approaches have been developed for the
estimation of the PCO and PCV of receiving antenna [10]. With the reprocess of GNSS data,
IGS has provided an official absolute antenna model with PCOs and PCVs for both GPS
and GLONASS satellites in ATX file, e.g., igs14_ WWWW.atx (WWWW represents the GPS
week hereafter) consistent with IGb14 frame. For upcoming GNSS systems, e.g., Galileo
and BDS, the PCOs and PCVs from officially released metadata are recommended by IGS
currently without investigating the consistency with GPS and GLONASS antenna offsets
as well as the terrestrial scale.

To keep the consistency between upcoming GNSS constellations and the established
ones, the PCOs and PCVs were estimated for Galileo in IGS14 frame [7], and for BDS in
IGS08 frame [11-14] by modeling the receiver antenna PCCs with that of GPS L1 and L2,
as no ground calibrations were available for the new GNSS satellites at that time. In 2017,
the European GNSS Agency (ESA) released the pre-launch calibrated PCOs and PCVs
for Galileo satellites [15]. Moreover, the new receiver antenna models covering all GNSS
frequencies, based on robot calibrations, were available when IGS prepared for the third
reprocess. Hence, it provides an essential chance to evaluate whether GNSS global network
solutions qualify to contribute to the scale determination of terrestrial networks [16]. Ad-
ditionally, it is well known that the fundamental issue concerning the determination of
the terrestrial scale with GNSS is that there is a high correlation between the terrestrial
scale, the satellite PCOs in Z component (Z-PCOs), the zenith wet delays, and the station
as well as satellite clock offsets. Since pre-launch antenna calibrations are not available
for the established GPS and GLONASS satellites, this high correlation prevents a reliable
estimation of the terrestrial scale by using GNSS. By fixing the PCOs of the Galileo satellite
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transmitter antenna to the ground calibrated values, the entire terrestrial scale issue could
be solved. Based on global data of the years 2017 to 2019, the Galileo-only coordinates
were derived, and it showed the scale discrepancy was up to about +1.16 ppb (part per
billion) with respect to IGb14 [17]. With the gravitational constraint on low earth orbiters
(LEOs) in the integrated process of GPS and three SWARM satellites, the GPS Z-PCOs were
recalibrated, and it shifted about —221 mm (equivalent +1.72 ppb) with respect to that in
igs14 WWWW.atx file [18]. Considering the good consistency of the scales derived with
the above two approaches, the independent GNSS scale based on Galileo officially released
PCCs were used by the third IGS reprocess (repro3). The scale discrepancy was about
—1.24 ppb when the frame of repro3 (IGSR3) was transformed to IGb14. Correspondingly,
the Z-PCOs of GPS and GLONASS were biased by about +160.0 mm to keep the consis-
tency with Galileo-released PCCs in IGS repro3. Besides Galileo, the ground calibrated
PCO values for BDS and QZSS were also released by the China Satellite Navigation Office
(CSNO) as well as the Japanese Cabinet Office. However, their contribution to the terrestrial
scale and the consistency with Galileo antenna models have not been investigated.

Previous PCO estimations of regional BDS (BDS-2) satellites in IGS08 frame show sig-
nificant differences in the Z-offset, especially for IGSO satellites, possibly caused by data
processing methods and software [13,14]. For the global BDS constellation (BDS-3), although
the ground calibrated PCO values have already been provided by the CSNO [19], the prelim-
inary estimations of satellite antenna PCCs in IGb14 were carried out by Huang et al. [13],
Springer et al. [20], and Xia et al. [21]. The results demonstrate that the discrepancy between
estimated and released PCOs is within the level of a decimeter, and the estimated ones
was impacted by the receiver antenna models as well as solar radiation pressure (SRP)
model. For the first two estimates, the ground receiver antenna corrections for BDS B1I and
B3I signals were replaced by that of GPS L1 and L2. For the last one, although the ground
antenna PCCs were modeled, only PCOs were calibrated within IGb14, and the PCVs were
completely omitted. Furthermore, the above estimates were aligned to IGS08 or IGb14
frame; however, the Galileo derived scale is used by IGS repro3, and will be adopted by
IGS legacy products shortly. Hence, the PCO estimates in IGS repro3 frame (called IGSR3
hereafter) for BDS will facilitate inclusion of BDS in IGS repro3 and the legacy analysis.

In this study, we aim firstly to evaluate whether the terrestrial scale derived from released
BDS PCOs is consistent with that obtained by Galileo-released PCOs, and secondly, to obtain
the PCO estimates for BDS in IGb14 and IGSR3 frame for preparing BDS for IGS repro3 and
legacy analysis. The paper is organized as follows. Section 2 provides the basic information
on the status of the BDS constellation as well as ground tracking stations. Section 3 describes
the processing strategy, whereas results are presented and analyzed in Section 4. In Section 4,
we also demonstrate how the station coordinates and the orbit consistency benefit from the
satellite antenna PCO and PCV estimates. Finally, this contribution will be summarized
in Section 5.

2. Basic Information
2.1. Status of BDS Satellites and Tracking Network

By December 2020, there were 49 BDS satellites in orbit; the status of the BDS constel-
lation can be found at http:/ /www.csno-tarc.cn/en/system/constellation (accessed on
30 December 2020). Among them, five GEO (C01-C05), seven IGSO (C06—C10 and C13),
and three MEO (C11, C12, and C14) satellites form the basic constellation of BDS-2. Two
MEO (C57 and C58) and two IGSO (C31 and C56) satellites from the BDS experimental
constellation (BDS-3s) are set as unhealthy. Moreover, BDS-3 consists of three GEO (C59,
C60, and C61), three IGSO (C38, C39, and C40), and twenty-four MEO (the rest) satellites.
Unlike all BDS-2 satellites and BDS-3 IGSO/GEO satellites developed entirely by the China
Academy of Space Technology (CAST), BDS-3 MEO satellites are built by two different
manufacturers, i.e., CAST and Shanghai Engineering Center for Microsatellites (SECM).
BDS MEQO satellites are distributed in three orbital planes, i.e., Slot-A (C11, C12, C27-C30,
C34, C35, C43, C44), Slot-B (C14, C19-C22, C32, C33, C41, C42), and Slot-C (C23-C26, C36,
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C37, C45, and C46), whereas the BDS IGSO satellites also orbit in three planes, i.e., Plane I
(C06, C09, C16, C39), Plane 11 (C07, C10, C40), and Plane III (C08, C13, C41). Figure 1 shows
the variation of elevation angle of the sun above the six orbital planes (3 angle) from day
of year (DOY) 1 to 365, 2019, which is the selected study period in this contribution. For
IGSO satellites, the orbital planes II and III show smaller variations than that of orbital
plane I: the satellites will cross eclipse seasons for |31 < 9°. While, for MEO satellites,
Slot-A orbital plane has relatively larger variations followed by Slot-C and Slot-B. When
| B <13.2°, the orbital planes are partially eclipsed.
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Figure 1. Elevation of the Sun (3 angle) with respect to the BeiDou navigation satellite system (BDS)
orbital planes for inclined geostationary orbit (IGSO) (up) and medium earth orbit (MEO) (bottom)
satellites from day of year (DOY) 1 to 365, 2019. The shaded area indicates the eclipse seasons.

As all BDS-2 satellites have already been tracked by ground receivers with multi-
constellation capacity. Hence, we only focus on the tracking status of BDS-3 satellites here.
Currently, the ground L-band tracking data of BDS-3 can be obtained from the IGS and
International GNSS Monitoring and Assessment System (iGMAS) network. For the total of
the 25 stations of the iGMAS network, the B1l, B3I, Blc, and B2a open-service (OS) signals
from all deployed BDS-3 satellites can be tracked. With the release of interface control
documents (ICDs) for BDS-3 signals [22], the GNSS receivers of IGS network, mainly
from Leica, Trimble, Javad, and Septentrio, are gradually upgraded to track BDS-3 signals.
Most of them support tracking the backward-compatible B1I and B3I signals, whereas a
few stations can track all BDS-3 OS signals. Figure 2 shows the daily number of IGS and
iGMAS stations tracking the representative satellites, i.e., C19, C23, C32, C35, C38, and
C59, from DOY 1 to 365, 2019. At the beginning of 2019, there were 93 and 19 stations
from IGS and iGMAS network with BDS-3 B1I and B3I signal-tracking capacity, and it
increased to 171 and 25 at DOY 365, 2019. However, not all deployed BDS-3 satellites can
be tracked by each IGS receiver, possibly due to the limitation of tracking channels. In
general, the early-launched satellites can be tracked by more receivers. At the beginning
of 2019, except for Javad TRE-3 Delta receiver with ability to track all deployed BDS-3
satellites, Trimble receivers can only track the C16—C30 satellites, and Septentrio receivers
with latest firmware can only track C19-C22 and C32-C34 satellites. Hence, the number of
stations with C19 tracking capacity is the greatest, followed by C32. With the updates of
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Trimble NetR9 as well as deployment of Trimble Alloy, the number of stations tracking C23
increased gradually, and even exceeded that of C32 around DOY 180, 2019. Owing to the
update of Septentrio firmware, C35 was tracked by more stations, and beyond 100 around
DOY 297, 2019. However, for the satellite beyond C37, no more than 30 tracking stations
were available, and were mainly from iGMAS. Hence, their PCCs are not estimated in
this study.

250

c18 c19 C23 —-C32
——C35 =—e-C38 =—+-C58 —=-C59

200

150

100

50 |

Number of tracking stations

1 31 61 91 121 151 181 211 241 271 301 331 361
Day of Year 2019

Figure 2. The number of stations with tracking capacity of the BDS-3 representative satellites, i.e.,
C19, C23, C32, C35, C38, and C5H9 satellites from DOY 1 to 365, 2019.

2.2. Satellite and Receiver Antenna Phase Center Corrections

The metadata related to the BDS-2 and BDS-3 spacecrafts was disclosed by CSNO on
9 December 2019 and 25 December 2019 [19], respectively. The published BDS metadata
comprises mass, sizes, and optical properties of the main satellite surfaces, eclipse attitude
laws, laser retro-reflector array, and PCO for each satellite. Table 1 lists the released PCO
information for the B1 and B3 frequency bands and their ionosphere-free (IF) combinations
for BDS IGSO and MEO satellites.

Since April 2019, the IGS ACs have carried out a third reanalysis of the full history of
GPS data collected by the IGS global network since 1994 in a fully consistent way using
the latest models and methodology. In this reanalysis process, for some types of antenna,
the PCCs for BDS OS signals have been calibrated by Geo++ and archived in the ATX
file igsR3_2077.atx (available at http://ftp.aiub.unibe.ch/users/villiger/igsR3_2077.atx
(accessed on 30 December 2020)). Table 2 lists all antenna/radome with PCC available for
BDS B1I and B3I signals in igsR3_2077.atx. The number of stations equipped with these
antennas reached more than 160 by the end of 2019.

Table 1. Officially released phase center offset (PCO) information of Bl and B3, as well as their ionosphere-free combination
for BDS IGSO and MEO satellites (unit: m).

B1 B3 IF of B1 and B3
PRN SVN
X Y Z X Y Z X Y Z

Co06 C005 0.7526 —0.0027 0.8793 0.7473 —0.0051 1.1980 0.76290 0.00197 0.25985
Cco7 C007 0.7455 0.001 0.9824 0.7536 —0.0051 1.1888 0.72976 0.01286 0.58122
Co08 C008 0.7494 —0.0016 1.0 0.7493 —0.0028 1.1895 0.7496 0.00073 0.63167
C09 C009 0.5940 —0.0112 1.0071 0.5960 —0.00840 1.1805 0.59011 —0.01664  0.67007
C10 Co10 0.59870 —0.00430  0.99540 0.60 —0.0014 1.19480 0.59617 —0.00994  0.60783

C11 C012 0.5766 —0.0034 1.0742 0.57650 —0.0051 1.1863 0.57679  —0.00010  0.85631
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Table 1. Cont.

PRN SVN B1 B3 IF of B1 and B3
X Y 4 X Y z X Y zZ

C12 C013 0.5973 0.0134 1.0604 0.6009 0.009 11717 0.59030 0.02195 0.85507
C13 Co017 0.6003 0.0008 1.3672 0.6009 —0.0009 1.2718 0.59913 0.00410 1.55263
Cl14 C015 0.5834 —0.001 1.0545 0.5835 —0.0084 1.141 0.58321 0.01338 0.88637
C16 C019 0.6142 —0.0011 1.3623 0.6142 —0.0019 1.2671 0.6142 0.00046 1.54734
C19 C201 —0.20810 —0.00270  1.48720  —0.20940  0.00100 1.21280 —0.2056  —0.0099 2.0205
C20 C202 —0.21870  0.00100 1.52430  —0.21860  0.00410 1.22630 -0.2189  —0.0050 2.1035
C21 C206 —0.20885  0.00083 1.50330  —0.21322  0.00469 1.21584 —0.2004  —0.0067 2.0620
Cc22 C205 —0.21084 —0.00318  1.50573  —0.21469  0.00043 1.23800 —-0.2034  —0.0102 2.0261
C23 C209 —020963  0.00336 149440  —0.20963  0.00637 1.22850  —0.20963 —0.00249  2.01122
C24 C210 —0.2090 0.00296 1.51730  —0.20913  0.00662 1.24475  —0.20875 —0.00415  2.04705
C25 C212 0.07346  —0.00352  1.09270 0.07351  —0.00355  1.08500 0.07336  —0.00346  1.10767
C26 C211 0.07292  —0.00508  1.09380 0.07292  —0.00518  1.08170 0.07292  —0.00489  1.11732
Cc27 C203 0.02741  —0.00456  1.10509 0.02761  —0.00439  1.09889 0.02702  —0.00489 1.11714
C28 C204 0.02590  —0.00470  1.10311 0.02614  —0.00483  1.09761 0.02543  —0.00445 1.11380
C29 C207 0.02838  —0.00700  1.10430 0.02876 ~ —0.00581  1.09110 0.02764  —0.00931  1.12996
C30 C208 0.02877  —0.00569  1.09300 0.02895  —0.00448  1.09190 0.02842  —0.00804  1.09514
C32 C213 —0.18501 —0.00179  1.48822  —0.18584  0.00208 119864  —0.18340 —0.00931  2.05107
C33 C214 —-0.18725 —0.00375  1.46997 —0.18613 —0.00030 1.17864  —0.18943 —0.01046  2.03622
C34 C216 0.08972  —0.00933  1.09747 0.08972  —0.00935  1.08985 0.08972  —0.00929  1.11228
C35 C215 0.08940 —0.01104 1.09074 0.08950  —0.01092  1.08515 0.08921  —0.01127  1.10160
C36 C218 —0.19519 —0.00966  1.33701  —0.19414 —0.00672  1.05641 —0.19723 —0.01537  1.88241
C37 C219 —0.19944  —0.0104 133811  —0.19914 —-0.00753  1.06623  —0.20002 —0.01604 1.86656
C38 C220 —0.06959 —0.30985  1.99959  —0.06807 —0.30985 1.66409 —0.07254 —0.30985 2.65170
C39 C221 —0.06568 —0.30570  1.97259  —-0.06472 —0.30769 1.58615  —0.06755 —0.30183  2.72371
C40 C224 —0.0671 —0.3082 1.9702 —-0.0672  —0.3113 1.5901 —0.06691 —0.30217  2.70899
C41 C227 —0.19657 —0.01113  1.05419 —-0.19682 —0.00771  0.78121  —0.19608 —0.01778  1.58478
C42 C228 —0.20104 —0.00917 1.06171  —0.20082 —0.00682  0.78875  —0.20147 —0.01374  1.59226
C43 C226 0.05095  —0.00794  1.09514 0.0508 —0.00802  1.08752  0.051242 —0.00778  1.10995
C44 C225 0.05177  —0.00836  1.09280 0.05163 —0.0084 1.0862 0.05204  —0.00828  1.10563
C45 C223 —0.28248 —0.00739  1.39522  —0.27872 —0.00686  1.10793  —0.28979 —0.00842  1.95362
C46 C222 —0.2831 —0.00291 1.38556  —0.27902 —0.00155 1.0848 —0.29103 —0.00555  1.97014
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Table 2. Antenna/radome combinations with phase center corrections (PCC) available for BDS B1I and B3I signals in

igsR3_2077.atx.

Antenna Radom Frequency Calibration Type
ASH700936D_M SCIS B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT
ASH701945B_M SCIS B11/B2b/B31/Blc/B2a/B2a+B2b COPIED
ASH701945E_M ggﬁ, B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT

JAV_GRANT-G3T NONE B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

NONE B1I/B2b/B31/Blc/B2a

JAVRINGANT_DM SCIS B2b: only Radom ‘NONE’ has ROBOT

JAVRINGANT_G5T JAVC B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

LEIAR20 TJ%IRT B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT

NONE B11/B2b/B31/Blc/B2a

LEIARZO.R3 LEIT B2b: only Radom ‘LEIT” has ROBOT
NONE

LEIAR25.R4 LEIT B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

LEIAT504GG NONE B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT

RNG80971.00 NONE B1I/B2b/B31/Blc/B2a/B2a+B2b COPIED

SEPCHOKE_B3E6 SPKE B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

TPSCR.G3 1\;%11\;}3 B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT

TPSCR.G5 TPSH B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

TRM115000.00 NONE B11/B2b/B31/Blc/B2a/B2a+B2b ROBOT

TRM57971.00 NONE B1I/B2b/B31/Blc/B2a/B2a+B2b ROBOT
NONE

TRM59800.00 SCIS B1I/B2b/B3I/Blc/B2a/B2a+B2b ROBOT
NONE

TRM59800.80 SCIS B1I/B2b/B31/Blc/B2a/B2a+B2b COPIED

3. Data Processing

The Position and Navigation Data Analyst (PANDA) software [23] was modified for
estimating raw PCVs and PCOs of BDS satellite antennas. The B1I and B3I signals are
selected based on two facts: (1) both BDS-2 and BDS-3 satellites broadcast the two signals,
(2) much more receivers can support tracking them. We estimated one-day solutions by
using undifferenced IF combinations of dual-frequency code and phase measurements
collected by more than 130 ground tracking stations equipped with the antennas in Table 2
and belonging to MGEX and iGMAS from DOY 1 to 365, 2019. The distribution of these
stations in Figure 3 shows that they have been able to provide good ground tracking
conditions for BDS. Moreover, it also shows the feasibility of PCC estimation based on the
receiver antenna PCCs. As PCVs are independent from the reference frame used, hence
only one solution was estimated for PCVs. Additionally, two PCO solutions for BDS IGSO
and MEO satellites were determined by fixing the scale to that of IGb14 and IGSR3 frame,
denoted as the F14 as well as FR3 solution hereafter. As aforementioned, as no more than
30 stations were available with the ability to track satellites with PRN exceeding C38 during
the selected period, those satellites were not included for analysis in this study.
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Figure 3. Distribution of the ground stations used for estimating PCOs and phase center variations (PCVs) of BDS IGSO

and MEOQ satellites. Red circles indicate International GNSS Monitoring and Assessment System (iIGMAS) stations, whereas
the black ones represent International GNSS Service (IGS) multi-GNSS experiment (MGEX) stations.

The GPS/BDS integrated approach was used to estimate the raw PCVs and PCOs of
BDS IGSO and MEO satellites. In this procedure, we used a 24-h arc length, a 5 min sampling
rate, a 7° cutoff elevation, and an elevation-dependent weighting. The raw PCV or PCO
parameters were estimated with the station coordinates, receiver clocks, inter-system biases,
tropospheric zenith total delays, satellite orbits, as well as satellite clocks and earth rotation
parameters. To get a reasonable solution for PCOs and PCVs, it is well accepted that these
parameters should be estimated by fixing the scale and the receiver antenna PCOs and
PCVs. For the PCCs of ground receiver antennas in BDS signal frequencies, the ground
calibration models in igsR3_2077.atx were used, and that of GPS L1 and L2 were used
in case of no corrections for BDS signals. Although the discrepancy of PCCs for receiver
antennas of GPS signals in IGS legacy igs14_2101.atx as well as igsR3_2077.atx is marginal,
the GPS PCCs for ground receiver antennas in igs14_2101.atx as well as igsR3_2077.atx
were used for the F14 and FR3 solutions to keep the consistency. Correspondingly, the
PCC correction models for GPS transmitter antennas were also fixed to the absolute values
in igs14_2101.atx as well as igsR3_2077.atx for F14 and FR3 solutions, respectively. It is
worth noting that the PCVs as well as horizontal PCOs are the same for GPS transmitter
antennas in igsR3_2077.atx. and igs14_2101.atx. However, the discrepancy of Z-PCO
reaches +160.0 mm, equivalent to a —1.24 ppb scale shift when IGSR3 was transformed
to IGb14.

For BDS IGSO and MEO satellites, the correction models of transmitter antennas were es-
timated in data processing. The initial values of nadir-dependent PCVs were set as 0, whereas
the IGS recommended PCO values in igs14_2101.atx were used as the initial ones. These
values were derived based on the CSNO-released BDS PCOs. Considering the correlations
between Z-PCO and satellite clock offset as well as the correlations between horizontal PCO
and orbital parameters, it was necessary to introduce appropriate constraints to reduce
their impact on data processing. It should be mentioned that the signal transmitter located
in the Y-axis. Hence, strong constraint was usually used, and it was even fixed to the initial
value [11]. Therefore, in this study, the constraints of PCOs with 10.0, 0.1, 10.0 m for X-PCO,
Y-PCO and Z-PCO were set to improve the stability of estimates. The PCOs and PCVs for
BDS satellites were estimated in two steps. First, with fixing the PCOs to the values in
igs14_2101.atx, we calculated the daily raw PCVs for BDS IGSO and MEO satellites. The
daily raw PCVs were then converted to daily smooth PCVs. Afterwards, the series of daily
PCVs were converted to satellite-specific as well as satellite-block-specific PCVs depending
on the satellite manufacturers and types. With the estimated satellite-block-specific PCVs,
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the daily PCO parameters of each BDS satellite were estimated within IGb14 and IGSR3
frame. The daily PCOs were then converted to satellite-specific PCOs. Table 3 summarizes
the strategy used in this study.

Table 3. Strategy used for PCO and PCV estimation of BDS IGSO and MEO satellites.

Items

Description

Number of stations

About 130 stations from MGEX and iGMAS

Time interval

DOY 1 to 365, 2019

Software PANDA [23]
Observation Zero-difference ionosphere-free combination of phase and code observations of GPS
L1/L2 and BDS B11/B3I
Sampling rate 300s
Elevation cut-off angle 7°

Weighting

Elevation-dependent

Inter-system-bias

A constant value per day for each station

Station Coordinates

Align to IGb14 or IGSR3 frame with no-net-scale and no-net-rotation constraint

GPT2w used as the empirical meta data; Saastamoinen model with VMF mapping

Troposphere function [24-26]
Hourly estimation as piece-wise constant
The first-order effect eliminated by the ionosphere-free linear combination; the higher-order
Ionosphere

effects are ignored

Receiver Clock

Epoch estimation as white noise

Orbits

24-h orbital arcs
6 initial position and velocities parameters
BDS-3 MEO: 5-parameter Extended CODE Orbit Model (ECOM1) [27] + A prior
box-wing model [28]
Other: ECOM1+Constant acceleration in along-tracking direction

Satellites PCOs

GPS: igsR3_2077.atx used for FR3 solution, and igs14_2101.atx used for F14 solution.
BDS: The PCO values in igs14_2101.atx used as the initial and estimated as daily constant with
10, 0.1, 10 m constraint for X-PCO, Y-PCO and Z-PCO.

Satellites PCVs

GPS: igsR3_2077.atx used for FR3 solution, and igs14_2101.atx used for F14 solution.
BDS: the initial values of nadir-depended set as zero for PCVs estimation, and fixed as the
estimated satellite-block-specific values for BDS PCO estimation.

Receiver PCOs and PCVs

GPS: igsR3_2077.atx used for FR3 solution, and igs14_2101.atx used for F14 solution.
BDS: igsR3_2077.atx; and GPS L1 and L2 used in case of no corrections for BDS signals.

It has already been revealed that the scatter of horizontal PCO estimates, particularly
for X-PCO, depends on the 3-angles [6]. Generally, the larger the 3-angles, the greater the
scatter. This could be attributed to the correlations between X-PCO and orbital parameters.
In previous research performed by Xia et al. [21] and Yan et al. [29], the impacts of the
solar radiation pressure (SRP) model on the horizontal PCO estimates have already been
investigated and analyzed. They concluded that the 5-parameter CODE Extended Orbit
Model (ECOM1) with a prior SRP model was suitable for X-PCO estimation. Hence, in this
study, ECOM1 was used with a prior SRP model developed based on a similar approach
used for SRP modeling of BDS GEO satellites [28].

4. Results and Validation
4.1. Distribution of Observations
Before analyzing the actual results of the estimation of PCVs and PCOs, it is worth

considering the distribution of observations with respect to nadir angle for BDS IGSO
and MEO satellites, as shown in Figure 4 for the 1-day solution of DOY 365, 2019 for
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IGSO C06 and MEO C19 satellites. The reason for selecting these two satellites is that the
distribution characteristics of observations from other IGSO or MEO satellites show an
obvious consistency with these two satellites. As the IGSO orbital altitude is quite greater
than that of MEO satellites, the maximum nadir angle (8.7°) is lower compared to MEO
(13.02°). The distribution of observations shows an increasing trend with the increase of
the nadir angle, and it drops down dramatically above 8.5° and 13°, as more and more
receivers do not track the low elevation data of IGSO and MEO satellites. For estimating
raw PCVs, a linear piecewise function model with the maximum nadir angle up to 9° and
13° was built up for IGSO and MEO satellites. As low nadir angles are poorly covered by
observations, their estimation of raw PCVs was relatively poorer than others.

[Ne]
(4]

—C06 C19

%]
o

-
[4)]

—_
o

[4)]

Portions of Observations (%)

o
I

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 4. Distribution of observations with respect to the satellite nadir angle for representative IGSO
C06 and MEO C19 satellites.

4.2. Phase Center Variations

As mentioned above, PCVs and PCOs were estimated in two steps. For the estimation
of PCV values, we first obtained the daily raw PCVs with the PCOs fixed. Afterwards, the
daily raw PCVs were then converted to daily smooth PCVs. With comprehensive quality
control as well as an averaging algorithm, the satellite-specific and satellite-block-specific
PCV values were obtained and plotted in Figure 5 for BDS-2 IGSO, BDS-2 MEO, and BDS-3
MEO from CAST and SECM, respectively.

For BDS-2 IGSO satellites, the consistency between individual PCV curves were relatively
lower than that of MEO satellites, due to higher correlation between PCVs and clock param-
eters caused by higher orbit height. Disregarding C10, the variations of nadir-dependent
phase center were similar with maximum differences up to 1.3 mm between C09 and C16 at
a 9° nadir. Hence, the block-specific mean was derived by excluding C10. Moreover, we
found that the majority of BDS-2 MEO antennas show a very similar nadir-dependent phase
center characteristic with variations from —4.6 to +4.1 mm. The repeatability of the three
satellites was within 1.0 mm at a nadir angle above 4°, and below 2.0 mm at a low nadir
angle, as less observations were available at a low nadir. Similar performance was observed
for BDS-3 MEO from CAST and SECM. However, we found that C35 and C36/C37 show
anomalous patterns at a nadir angle of 5° compared to their counterparts from the CAST
and SECM group. The reason is not clear, but is possibly due to the number of stations.
About 60 stations available could track the three satellites until DOY 200, 2019, and it
was about two times less than others. Hence, they have been excluded for deriving the
satellite-block-specific PCVs. In general, the differences between the satellite-block-specific
mean and the individual PCV curves were below £ 1.0 mm. Using a satellite-block-specific
pattern for these antennas instead of satellite-specific ones should therefore be possible
without a significant loss of accuracy. The derived satellite-block-specific PCVs are also
shown in Figure 5, and their values are listed in Table 4.
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Figure 5. The satellite-specific and satellite-block-specific PCV values for BDS-2 IGSO, BDS-2 MEO, BDS-3 CAST MEO, and

BDS-3 SECM MEO.

Table 4. Estimated satellite-block-specific PCVs for BDS IGSO and MEO satellites (unit: mm).
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4.3. Estimated Phase Center Offsets

For the estimation of the PCOs values of BDS satellites, the above estimated satellite-
block-specific PCVs and scale of reference frame were fixed. Additionally, the PCOs correc-
tions with respect to the values in igs14_2101.atx were obtained. To obtain stable results
from these daily solutions, we carried out quality control and further analysis of the time
series of PCOs estimates.

The satellite-specific PCO estimates including their formal standard deviations, as
well as the number of daily solutions, are listed in Table 5. The delta symbol A is used to
indicate that the parameters are given relative to the CSNO released metadata values for
F14 solutions, whereas 0 represents the differences of the FR3 solution with respect to F14
estimates. Here, only the offsets of Z-PCO between FR3 and F14 for each satellite are listed,
as the discrepancy for the horizontal estimates was within 1.0 mm, due to no impacts of
scale on the estimation of horizontal PCOs. The standard deviations illustrate that the
precision of the horizontal offset estimates was approximately 10 times better than that of
the Z-offsets on average. The standard deviations of IGSO satellites were about two times
larger than that of MEO satellites in each component due to relatively poor observation
conditions. Moreover, relatively larger standard deviations occurred in the cases of fewer
data available, e.g., for C35-C37 satellites. Although more than 300 days of data were
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processed for them, about one of third were excluded due to poor quality because of fewer

stations available before DOY 200, 2019.

Table 5. Satellite-specific PCOs for F14 and FR3 solutions of BDS IGSO and MEO satellites (unit: cm).

PRN Days F14 w.r.t CSNO FR3 w.r.t F14
Ax Ay Az oz
C06 324 —16.6 £0.11 —1.56 + 0.06 +212.70 £1.21 —42.54 +£1.18
co7 336 —12.02 £0.14 —2.34+0.07 +222.28 £1.07 —42.17 £1.10
Co08 335 —16.40 £ 0.10 —1.81 £ 0.07 +247.64 £1.13 —41.87 £1.12
C09 318 +1.46 £0.12 —-0.29 £+ 0.07 +264.44 £1.23 —41.06 £1.22
C10 336 +0.26 £0.12 —0.24 + 0.06 +272.69 £ 1.05 —39.68 £ 1.05
C13 331 +1.34 £0.15 —1.50 + 0.05 +107.27 £1.12 —40.30 £ 1.11
C16 276 —3.64 £ 0.16 —-1.88 + 0.05 +120.83 £1.72 —42.78 £1.74
C11 355 +2.31 £ 0.06 +0.38 £ 0.06 +105.12 £ 047 —17.37 £ 046
C12 341 —2.97 £ 0.00 —2.19 £ 0.00 +126.29 £ 0.50 —17.68 + 0.47
Cl14 345 —2.26 £ 0.01 —1.34 £+ 0.00 +111.15 £ 0.51 —17.28 £0.52
C19 313 —1.45+0.09 +0.34 £ 0.05 —-1.14 £ 0.50 —17.42 £ 048
C20 310 +0.49 £ 0.07 —0.59 + 0.05 —4.16 £ 0.56 —17.45 £ 0.52
C21 321 —0.99 £ 0.07 +0.15 £ 0.05 —3.64 £ 0.56 —17.65 £ 0.55
Cc22 323 —1.42+0.08 +0.18 £ 0.05 —0.55 £ 0.53 —17.36 £ 0.68
C23 285 —0.61 £ 0.08 +0.12 £ 0.05 +6.83 £0.73 —17.28 £0.73
C24 279 —0.52 £ 0.08 +0.14 £ 0.05 +8.52 £0.71 —-17.35 £ 0.77
C32 272 +0.02 £ 0.07 +0.57 £ 0.05 +16.53 £ 0.80 —17.63 £ 0.80
C33 295 +0.24 £ 0.06 +0.49 £ 0.05 +19.02 £0.76 —17.00 £ 0.74
C36 247 +0.12 £ 0.06 +1.31 £0.03 +17.27 £1.13 —-1721+£1.13
C37 212 +0.08 £ 0.05 +1.36 £ 0.04 +17.56 = 1.10 —-17.23 £1.15
C25 271 —0.68 £ 0.19 —0.67 £ 0.05 —4.00 £ 0.75 —17.40 £ 0.79
C26 269 —0.73 £0.22 —-0.32 £ 0.05 +6.98 £ 0.79 —-17.30 £ 0.70
c27 287 +1.30 £ 0.00 —0.51 = 0.00 +16.74 = 0.70 —17.32 £ 0.56
C28 305 +1.70 £ 0.086 —0.18 £ 0.05 +22.58 £ 0.56 —17.29 £ 0.58
C29 293 +1.82 £ 0.08 —-0.12+0.05 +26.72 £ 0.56 —17.16 £ 0.80
C30 294 +1.96 £ 0.08 +0.29 £ 0.06 +16.53 £ 0.68 —17.36 £ 0.66
C34 294 —3.14 £ 0.07 +0.29 £ 0.05 +14.77 £ 0.65 —17.69 £ 0.66
C35 231 —3.58 £ 0.08 +0.20 £ 0.05 +1.29 £1.12 —18.10 £ 1.15

Several meters’ discrepancy was observed between the estimated F14 and the CSNO-
released Z-PCO for the BDS-2 IGSO and MEO satellites, and it was already noticed by
Dilssner et al. [11] and Guo et al. [12]. However, it is still unclear for the root. On the other
hand, the agreement between the estimated F14 and the CSNO released Z-PCO for BDS-3
MEO satellites was good. However, we clearly notice that most of the estimated Z-PCO
was larger than the corresponding metadata values. If we compute the average of the
Z-PCO estimates of 19 BDS-3 MEO satellites, we obtain a mean value of +98.8 mm. A
common bias of this size would impact the station heights and the scale of the terrestrial
reference frame. For the FR3 solution, we clearly observed an averaged shift for the Z- PCO
up to about —414.9 mm, and —174.1 cm for the IGSO and MEO satellites, respectively,
which is equivalent to a scale increase of +1.27 ppb, quite closed to the scale differences
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(+1.24 ppb) when IGb14 was transformed to IGSR3. Besides the Z-PCO, the horizontal
PCO estimates partly show significant deviations from their metadata values. For the X-
PCO of C06, C07, and C08, we found biases of —16.65, —12.02 and —16.40 cm, respectively.
Similar results have been obtained by Xia et al. [21] and Yan et al. [29]; the reasons for the
discrepancy need further investigation.

4.4. Validation

Subsequently, we investigated the effect of the new PCOs and PCVs of BDS satellites
on the orbit consistency and the station coordinates with the data from DOY 335 to 362,
2019. For this purpose, three solutions were obtained taking account of the PCC estimates
as well as the ground antenna calibrations for BDS signals. Specifically, the solution labeled
as IGS was determined based on the igs14_2101.atx, taking into account the ground antenna
calibrations for BDS signals taken from igsR3_2077.atx. For the solutions labeled F14 and
FR3, the updated igsR3_2077.atx was compiled to include the BDS PCC estimates in IGb14
and IGSR3 frame.

4.4.1. Orbit Consistency

Orbit boundary disclosure (OBD) is used for the evaluation of the orbit consistency.
The average 3D RMS of the BDS-3 OBD for each satellite with different antenna models
are shown in Figure 6. It is clear to see that the OBDs of BDS satellites have been reduced
by using the two kinds of calibrated PCO and PCV estimates, i.e., F14 and FR3, compared
to that of using CSNO released values. Moreover, the discrepancy of OBDs between F14
and FR3 is marginal (only 4 mm on average), as expected, as the PCO shifts along radial
direction have been assimilated by the clock parameters.

We also observed that the OBDs were reduced by about 55.0% from 176.6 mm to
79.5 mm for BDS-2 MEO, whereas the reduction for BDS-2 IGSO was about 21.7% from
356.0 to 278.9 mm. With respect to the approximate 13.2% reduction for BDS-3 CAST MEO
satellites, the OBDs were reduced by 30.9% for BDS-3 SECM satellites, making 3D OBD
achieve around 90.0 mm for both kinds of MEO satellites. In addition, we also observed
that the OBD reduction was smaller for C35-C37 than that of others, possibly due to fewer
ground stations available in the process of estimating PCC and precise orbit determination.
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Figure 6. Influences of the three kinds of antenna models on orbit boundary disclosure for BDS
satellites. The solution based on the igs14_2102.atx antenna model is represented as IGS. The BDS
orbit solutions using new satellite antenna PCCs are represented as F14 as well as FR3.

4.4.2. Coordinates

A BDS-only precise point positioning (PPP) was performed using the three sets of
daily orbit and clock parameters from the global network solutions determined in the
last subsection. Furthermore, two sets of GPS-only PPP were also performed with the
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orbits and clocks determined within IGb14 and IGSR3 frame, respectively. The daily station
coordinates, hourly constant tropospheric zenith pass delay, carrier phase ambiguities
and epoch-wise receiver clocks were solved. Coordinatingly, three BDS-only (BDS-IGS,
BDS-F14, and BDS-FR3), as well as two GPS-only solutions (GPS-F14 and GPS-FR3), were
obtained. The seven-parameter Helmert transformations were carried out to compare the
BDS-IGS, BDS-F14, and GPS-F14 PPP-derived coordinates with the IGS legacy daily final
estimates in IGb14 frame, whereas the GPS-FR3 and BDS-FR3 solutions were compared to
the initial combined coordinates of the third IGS reprocess, available at ftp:/ /igs-rf.ign.fr/
pub/repro3_tests/2008-2019/IGSIR03TST/ (accessed on 30 December 2020), with Helmert
transformations. The scale parameters obtained from the Helmert transformations gave
the assessment of consistency of the GPS- and BDS-derived station heights with respect
to IGb14 as well as IGSR3 frame. The scale bias between the GPS- and BDS-only PPP
coordinates and the IGb14 and IGSR3 reference frame are shown in Figure 7.
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Figure 7. Scale bias between the GPS- and BDS-only precise point positioning (PPP) coordinates and
the IGb14 (up) and IGSR3 (bottom) reference frame. The GPS- and BDS-only solutions based on the
igs14_2102.atx antenna model and GPS-only with igsR3_2077.atx are represented as GPS-F14 as well
as BDS-IGS, and GPS-FR3 respectively. The BDS-only solutions using new satellite antenna PCCs are
represented as BDS-F14 as well as BDS-FR3.

We clearly noticed a significant bias for BDS-IGS PPP solutions, whereas it was signif-
icantly reduced when applying BDS F14 PCC estimates. The mean scale parameter of the
BDS-IGS and BDS-F14 solutions was +0.446 =+ 0.153 ppb and +0.012 £ 0.111 ppb, respec-
tively. It clearly demonstrated that the discrepancy between BDS-derived station heights
with IGS recommended PCOs and IGS legacy solutions decreased when the new BDS
satellite antenna corrections were introduced. For the GPS-F14 PPP solution, there was a
bias up to —0.102 + 0.084 ppb, close to the scale inconsistency between our software and
the IGS antenna model. Previously, Guo [14] estimated the PCOs for GPS with 31 days data
from 145 ground stations and demonstrated that the averaging Z-PCO difference between
the estimated and IGS recommended one was 14.5 mm, equivalent to —0.095 ppb. Hence,
we believe the scale inconsistency between PANDA and IGS antenna model is within a
level of —0.1 ppb, and is possibly caused by the data processing strategy used, as well as
the minor inconsistency of error models in the software. Without a doubt, this inconsistency
will be assimilated into the BDS PCO estimation. However, its impact is minor, compared
to the agreement (about 4 cm) between the two GPS PCO solutions estimated by GFZ and
Technische Universitat Miinchen (TUM) [4], as well as the accuracy (a few cm) of the IGS
antenna model [30]. Furthermore, the residuals of the BDS-derived station heights (after the
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Helmert transformation) were slightly reduced from 9.65 to 8.62 mm for the BDS-IGS and
BDS-F14 solutions. This demonstrates that great accuracy was achieved for the BDS-only
solution, and it will be improved with more BDS satellites used for positioning.

For the GPS-R3 solution, the mean scale parameter was about +0.021 £ 0.101 ppb
with respect to the IGSR3 solutions, whereas the scale bias was about +0.226 &+ 0.175 ppb
between the BDS-FR3 solutions and IGSR3 frame. The bias up to +0.226 ppb clearly demon-
strates that this inconsistency between PANDA and IGS antenna model was assimilated
into the BDS PCO estimation. However, it was still within the confident level, as the stan-
dard derivation was about 0.175 ppb. In the bottom subplot of Figure 7, the scale bias of
BDS-IGS with respect to IGSR3 frame is also plotted to demonstrate the scale inconsis-
tency between BDS-released and Galileo-released PCO values. It is clear to show that the
scale derived from BDS and Galileo-released PCOs is not consistent, and the bias reach
+1.854 & 0.191 ppb. Moreover, the reduction of scale bias for BDS solutions in IGb14 as
well as IGSR3 shows the good consistency of PCO/PCC estimates for BDS with other
systems of GPS/GLONASS antenna offsets is achieved.

5. Conclusions

In this contribution, one year of undifferenced dual-frequency (B1I and B3I) mea-
surement data from global tracking networks of MGEX and iGMAS were analyzed to
evaluate whether the terrestrial scale derived from released BDS PCOs is consistent with
that obtained with released Galileo PCOs, and to obtain the PCO estimates for BDS in
IGb14 and IGSR3 frame for preparing BDS for IGS repro3 and legacy analysis.

From the analysis of the PCV estimates, it was found that the C10 satellite shows
a different PCV pattern with respect to its counterparts. Moreover, there was a lower
repeatability for C35-C37 satellites, and the main reason was the small number of stations
which can track these satellites. However, for other satellites, their PCV shows quite
good consistency (bellow 2.0 mm). Hence, the satellite-block-specific PCV estimates were
derived. From the analysis of the PCOs estimates, we focus on the impacts of scale on the
PCO estimates. The Z-PCO shifts about —414.9 mm, and —174.0 mm for BDS IGSO and
MEQO satellites, when the IGSR3 frame was used instead of IGb14. The —174.0 mm Z-PCO
shifts equals about +1.27 ppb at the height (about 21200 km) of BDS MEO satellites, which
is quite consistent with the scale bias +1.24 ppb when IGb14 was transformed to IGSR3.

To verify the influences and reliability of the PCOs and PCVs estimates, we repro-
cessed the data with three different schemes of satellites” and receivers” antenna model
combinations and analyzed the results from orbit consistency and coordinates. From the
result of validation, we found that compared with the use of only the CSNO-released PCOs,
the orbit consistency could benefit from the estimated model of the satellite antenna phase
center, particularly for BDS-2 MEO and BDS-3 SECM MEQO satellites. With modeling PCCs,
the 3D OBD achieves about 90.0 mm for BDS-3 MEO satellites. We also notice that the
scale bias by using IGS recommended PCOs was significantly reduced when applying
BDS PCC estimates. The residuals of the BDS-derived station heights are slightly reduced
from 9.65 to 8.62 mm after the Helmert transformation. This demonstrates good consis-
tency of PCO/PCC estimates in IGb14 and IGSR3 frame for BDS with other systems of
GPS/GLONASS antenna offsets is achieved. Most importantly, the results demonstrate
that the scale derived with BDS-released and Galileo-released PCOs is not consistent, and
the bias is about +1.854 £ 0.191 ppb.

However, it must be mentioned that the estimated results of PCOs and PCVs depend on a
year’s data. A longer data set should be used to reduce the seasonal effects for obtaining more
reliable satellite antenna models. In addition, the satellites beyond C37 should be included for
further analysis.
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