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Abstract: The real-time integer-ambiguity resolution of the carrier-phase observation is one of the
most effective approaches to enhance the accuracy of real-time precise point positioning (PPP),
kinematic precise orbit determination (KPOD), and reduced-dynamic precise orbit determination
(RPOD) for low earth orbit (LEO) satellites. In this study, the integer phase clock (IPC) and wide-
lane satellite bias (WSB) products from CNES (Centre National d’Etudes Spatiales) are used to
fix ambiguity in real time. Meanwhile, the three models of real-time PPP, KPOD, and RPOD are
applied to validate the contribution of ambiguity resolution. Experimental results show that (1) the
average positioning accuracy of IGS stations for ambiguity-fixed solutions is improved from about
7.14 to 5.91 cm, with an improvement of around 17% compared to the real-time float PPP solutions,
with enhancement in the east-west direction particularly significant, with an improvement of about
29%; (2) the average accuracy of the estimated LEO orbit with ambiguity-fixed solutions in the
real-time KPOD and RPOD mode is improved by about 16% and 10%, respectively, with respect
to the corresponding mode with the ambiguity-float solutions; (3) the performance of real-time
LEO RPOD is better than that of the corresponding KPOD, regardless of fixed- or float-ambiguity
solutions. Moreover, the average ambiguity-fixed ratio can reach more than 90% in real-time PPP,
KPOD, and RPOD.

Keywords: real-time; ambiguity resolution; low earth orbit; precise point positioning; kinematic
precise orbit determination; reduced-dynamic precise orbit determination

1. Introduction

The applications of low earth orbit (LEO) satellite data are successfully and widely
demonstrated in various areas, such as remote sensing [1,2], communications [3,4], atmo-
spheric sounding [5,6], radio occultation [7,8], ocean altimetry [9,10], and so on. The smooth
realization of the above scientific tasks is inseparable from the precise orbit determination
(POD) of LEO. To meet the growing needs for real-time spaceborne missions, such as
LEO-enhanced real-time location service [11] and real-time atmospheric sounding [12], it is
necessary to obtain precise orbits of LEO satellites in real time.

Since 2007, users have been able to apply the real-time pilot project (RTPP) provided
by the International GNSS Service (IGS) to obtain the state-space representation (SSR) prod-
ucts of global navigation satellite systems (GNSS) satellites in real-time [13]. Meanwhile,
with the support of the rapid development of GNSS onboard-receiver technology, real-time
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LEO POD can also be achieved. For instance, in the comparison of the real-time POD for
GRACE (gravity recovery and climate experiment) series satellites between kinematic and
reduced-dynamic modes, the accuracy for the GRACE-A /B satellite real-time POD based
on the CLK93 orbit and the clock from CNES (Centre national d’etudes spatiales) can reach
the sub-decimeter level [14]. Real-time GNSS satellite SSR corrections in some commercial
companies, such as Fugro G4, are broadcasted by geostationary earth orbit (GEO) satellites.
It is reported that 7 cm-accuracy kinematic LEO POD can be obtained in real-time mode
from the Fugro G4 SSR products based on Swarm-C onboard observations [15]. In addition,
the BeiDou navigation satellite system (BDS-3) precise point positioning (PPP) service of
China [16,17], the new generation of the Australian/New Zealand (AU/NZ) satellite-based
augmentation systems (SBAS)-aided PPP service [18], the Quasi-Zenith Satellite System
(QZSS) of Japan [18,19], and Galileo’s high-precision PPP service in Europe [20] have their
own way to provide real-time GNSS orbit and clock products for users. It is expected that
the abovementioned real-time high-precision services will assist spaceborne missions that
need precise orbital information.

LEO POD can be used mainly in two approaches, which are the reduced-dynamic
method [21,22] and the kinematic method [22]. In theory, reduced-dynamic precise orbit
determination (RPOD) and kinematic precise orbit determination (KPOD) for LEO basi-
cally have the same accuracy level [23]. However, affected by the noise of observations,
poor geometric conditions, and short-term observation interruption, the performance of
the KPOD mode is worse than that of the RPOD mode in practice [22]. Generally, orbital
dynamic models and empirical accelerations can be introduced to improve the accuracy
of LEO POD in the RPOD method [14]; however, the accuracy can also be further en-
hanced by correctly fixing the ambiguities of the carrier phase using the prior uncalibrated
phase delays (UPD) or hardware-delay-offset (HDB) corrections in the satellites and re-
ceivers [24]. If float ambiguities can be successfully fixed as integers, the accuracy of LEO
POD will be further improved [24]. There are mainly two methods for recovering integer
ambiguities, which are double-difference (DD) [22,25] and single-receiver carrier phase
integer-ambiguity resolution (IAR). The method of DD, by forming double-difference obser-
vation, can eliminate the common HDB between receivers and satellites in different paths.
Single-receiver carrier phase IAR is an approach that applies externally calibrated products,
such as UPD [26] or integer phase clock (IPC) products [27,28], to separate the ambiguities
and HDB. The School of Geodesy and Geomatics at Wuhan University used the real-time
UPD products calculated by themselves and performed real-time KPOD for Swarm-A
and Sentinel-3A. Compared with the float solutions, the 3D-RMS (three-dimensional root
mean square) has been improved by 16% and 27% for Swarm-A and Sentinel-3A, respec-
tively [23]. Moreover, the CNES provided the wide-lane satellite bias (WSB) and dedicated
IPC products for GPS (global positioning system) from 2009 [29] and Galileo since 2018 [30].
A study used the IPC products to fix ambiguities for post-processed POD for Swarm series
satellites and found orbit accuracy can be improved by around 30-50% [31].

With the real-time demand of more and more spaceborne scientific missions, there
are few articles giving points on the real-time onboard ambiguity resolution for LEO
reduced-dynamic orbit determination or comparisons between real-time KPOD ambiguity
resolution and RPOD ambiguity resolution. This work focuses on strengthening the
observation model by real-time onboard ambiguity resolution to improve the performance
of real-time LEO RPOD and KPOD in the future. We discuss the methodology of single-
receiver carrier phase IAR-based IPC products in Section 2. Then, the real-time PPP and
LEO POD strategies are presented in Section 3. In Section 4, the performances of real-time
PPP, LEO KPOD, and LEO RPOD are validated against the proposed method, respectively.
Conclusions of this work are finally presented in Section 5.
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2. Methodology of Ambiguity Resolution
2.1. Observation Model

The zero-difference ambiguity-fixed method observation equations are given below
for ground or LEO spaceborne receivers’ pseudo-range and carrier-phase measurements
for double frequencies [14,32,33]:

sf sf f sf o Sf
Pliieo = Pryieo +¢(0ty/e0 = O8) + L7 po + TP + B,/ pop = By + €150

s,.f _ s,f f s,f s.f s.f
})1e0 = Piyieo +C(8trye0 =) = L o + TE+ B p00 = Bs + Ny eoM + €71 k00

)

where s and f represent GNSS satellite and carrier frequency, respectively; and subscript
r and LEO refer to ground receivers and LEO spaceborne receivers, respectively. Other
terms in Equation (1) can be expressed as follows:

. PrS ’/fLEO, CI>i/f LEo- pseudo-range and carrier-phase observation (m).
*  0;/1po: geometric distance between ground receivers/LEO spaceborne receivers and
GNSS satellites s antenna centers (m).
c: speed of light (m/s).
0t /LE0: ground receivers/LEO spaceborne receivers clock offsets (s).
ot°: GNSS satellites clock offsets (s).

° I:/f LEo" ionospheric delay (m).

e T7: tropospheric delay (m). (LEO does not include tropospheric delay; Ground users
include tropospheric delay).

. B{ JLEO,P’ B;’f : pseudo-range hardware delay biases of ground receivers/LEO space-
borne receivers and GNSS satellites (m).

. B{ JLEO,®” B;’f : carrier-phase hardware delay biases of ground receivers/LEO space-
borne receivers and GNSS satellites (m).
o« A: signal wavelength of frequency f (m).

. Nrs’/f LEO: carrier-phase integer ambiguities (cycles).

. ssr’ JLEO,P’ ssrj[ LEO,@: Multipath effects (m) and unmodeled pseudo-range and carrier-

phase errors (m).

The ionosphere-free linear combination is the most widely used measurement model,
which is applied to eliminate the first-order ionospheric delay [14,34-37]. Thus, it is used
in the data processing of PPP and LEO POD in this study.

ps _ f12 Psrl _ fzz p5,2

r/LEO,IF — f12_f22 r/LEO f12_f22 r/LEO (2)
oS _ f12 @srl _ fzz (DS,Z

r/LEO,IF — f12_f22 r/LEO f12_f22 r/LEO

Equations (1) and (2) are combined to obtain the expressions of the ionosphere-free
measurement models that are listed hereafter [14,35,38,39].

_ S IF s, IF
P ireor = Pyjieo +€(0tyyLeo = 08°) + TP+ By po p — B + € 1k0,p,y 3)

_ IF s, IF
@)1 ro,1r = Py/Le0 T (0t /Le0 —0t°) + TR+ B, po 0 — B + NJj1po irMF 1 €5/ LE0 .07

IF IF . . . . .
where, B, ;o p and B, ¢ indicate ionosphere-free receiver-hardware delay biases

of the pseudo range and carrier phase, respectively; Bf,’IF and B;;IF are GNSS satellite-
hardware delay biases of the pseudo range and carrier phase in the ionosphere-free com-
bination model, respectively; the wavelength and ambiguity of the carrier phase are re-
ferred by Ajr and N}/ r( jp, respectively, in the ionosphere-free model; and € ro p, .
and € | p ¢, denote the sum of the pseudo-range and carrier-phase ionosphere-free
unmodeled errors, respectively.
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2.2. Ambiguity-Resolution-Based IPC Products

From Equation (1), the Melbourne-Wiibbena (MW) combination, which can cancel
out the errors of ionospheric delay, geometric distance, GNSS satellites, and receiver-clock
offsets, can be obtained [40,41]:

3 51 52 1 s,1 s,2

MW 1k0 = 7o py (fl(Dr/LEo *quDr/LEO) T th (flP’/LEO +f2P’/LEO)

= AwL (N S rieo = N3, ko) + Brieomw = Byw + € k0 py, tE RO, P
= AwLNyy,/1e0 T Br/LEoMw — Bigw + €0/ L p0, mw

where

o MW}, o observation of MW combination (m).

o AL = fl—ffz: wavelength of the wide lane (WL) (m).
° NISNL,r/LEO = ir/LEO — N;/V/LEO: WL ambiguity (cycles).
B, /Le0,Mw: WL ground receivers/LEO spaceborne receivers bias (WRB) (m).
Bj;w: WL GNSS satellites bias (WSB) (m).
e JLEOMW = € JLEOPy; T e JLEO, @y, - multipath effects (m) and unmodeled errors of
MW combination (m).

The ionosphere-free combination in Equation (3) can be transformed into the following form:

P roir = 05 ie0 (€ 0t/Le0 + Br/LEo, Py ) — (C SOF B??,p) + 17+ € 1r0,p,

©)

Q31 r0,1F = Py /Le0 T (€ Otr/LE0 + Br/LEO®)) — (C SOt + B%,F> + 17+ NJ1poipME T €/ LEO,0pF

The hardware delay biases of satellites and receivers are written together with satellite-
clock and receiver-clock offsets, respectively. GNSS satellite-clock offsets, c - 6¢° + BS[F’
of the pseudo range can be calculated by the IGS clock products. Nevertheless, the ambi-
guity in the ionosphere-free model, N} |z ;r, absorbs the carrier-phase hardware delay
biases of GNSS satellites, B 1 and receivers, B, /1 po e,;» Which loses its integer characteris-
tics. Hence, the performance of traditional PPP or LEO POD is deteriorated because the
ambiguity parameters are usually estimated as float values [26,42].

The ambiguity-resolution-based IPC method was first proposed by CNES in 2009 and
can use extra products, such as IPC and WSB, to implement single-receiver IAR in PPP.
The core idea of this method is to separate clock offsets between the pseudo range and the
carrier phase. The WSB products are used to recover float wide-lane ambiguities as integers,
and the IPC products are used to correct GNSS satellite-clock offsets to fix narrow-lane
ambiguities as integers. After that, the ionosphere-free ambiguities can be fixed successfully
and reused as known parameters in the PPP or LEO POD solution.

In the ionosphere-free model shown in Equation (5), the GNSS satellite-clock offsets,
¢-0t° 4+ Bp , in the pseudo-range observation are corrected by IGS precise clock products,
and satellite clock offsets ¢ - 6t° + By, . of carrier-phase observation are used CNES IPC
products to correct. It should be noted that the wavelength of the ionosphere-free observa-
tion is about 0.6 cm, and it is difficult to fix the ionosphere-free combination ambiguities.
Thus, the N} /LEO,IF Can usually be combined by wide-lane (WL) and narrow-lane (NL)
ambiguities. Additionally, to eliminate the influence of receiver-clock offsets and their
hardware delay biases, a single difference between GNSS satellites (SDBS) is adopted to fix
WL and NL ambiguities, as shown in the Equation (6) [26,38].

Where i and j, respectively, denote GNSS satellites; A;; LEO,IF 1S ionosphere-frge float
ambiguities of SDBS; the WL and NL ambiguities of SDBS are indicated by N;; LEO.WL
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and Nr 1E0,N1L Tespectively; and B;} LEo,wi and B;; Leo,n1 are WL and NL hardware delay
biases of SDBS.

ij 1 2 2 ALJ
Ar/LEO,IF [fz 72 (fl Ar/LEO M= f3 Ar/LEO,ZAZ)}

— _h_ Al fifa Al
= rrnAlLEoNL T le JZfZAr/LEOWL (6)

N Af (N
=R (Nr/LEO,NL + Br/LEO,NL) a (Nr/LEO,WL + B ko, WL)

In this study, the SDBS WL ambiguities, NI V7.e0,wr- depend on the MW combination
of SDBS, which can be seen from Equation (7):

ij _ ij ij
MW"/ )‘WLN r/LEO,WL Br/LEO,MW + € JLEO,MW @)

Because the measurement noise and multipath effects of MW combination observation
are relatively large, a time smoother is needed for multi-epoch smoothing as formulated,
thereby reducing the impact of measurement noise and multipath effects [26,27,38], as for-
mulated in (8):

., . .’ . 1 .’ . 4, .
MW, = MW, + — (MW, — MW, ;) 8)
The nth epoch is denoted by 7 in (8), and the corresponding variance is calculated

by (9). Moreover, the WSB of SDBS, BY v/ LEO, MW~ Can be calculated with the WSB products
from CNES (ftp:/ /ftpsedr.cls.fr/pub/igsac/ (accessed on 15 October 2021)).

1 L. .. 2
2 2 1,] 1,] 2
Ty = Caw T ((MW” - MWH) - ”mw;fl) ©)

In Equation (7), since the WL wavelength is nearly 86.2 cm, it is easy to obtain the SDBS

WL ambiguity, N ;} Leo,wr- Py applying the rounding method. Furthermore, before the WL
ambiguity candidate solutions are fixed to integers, the correctness verification process is in-
dispensable. R-ratio verification and confidence function, as defined by Equations (10)-(12),
are used to test and validate the reliability of integer-ambiguity resolution and whether the
ambiguity parameter is successfully fixed to the right integer [26,43].

Z((I\Z\{],)) > Rthresh (10)

e[ (i IN=RY (i IN- R
i;[e fc( T ) e fc( T )] (11)
erfe(x \F/ (12)

The float ambiguity and its variance are referred to by N and o, respectively; N and
N’ represent the nearest and the second nearest integer of float ambiguity, respectively, N
In this work, the value Ry, is set as 3.0, and the confidence Value, a = 0.01%. When both

i)
P0>1—zxand o(%

N can be successfully

fixed as the rlght and nearest integer. Otherwise, the ambiguity parameters that cannot
meet the above two verification criteria can only be estimated as float ambiguity.
Moreover, the ionosphere-free GNSS satellite-hardware delay biases, BEDIF, of the
carrier phase are contained in IPR products, and ionosphere-free float ambiguities are
estimated by the float PPP method. Thus, once the WL ambiguity is successfully fixed as
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an integer, the float SDBS NL ambiguity, Alr; LEO.NL- €an be calculated by the following
Equation (13). Meanwhile, the variance of float SDBS NL ambiguities is computed by (14).

.. 1 .. fz)\Z L.
ij _ ij 2 ij
Ar/LEO,NL - ANL <Ar/LEO,IF/\HE - 12_f22 Nr/LEO,WL (13)

O’ii/]‘ = ZLJZ,.J (14)
#/LEO,NL /\NL Ar/LEO,IF

Similar to recovering WL ambiguities, the NL ambiguity candidate solutions need
to be verified by Equations (10) and (11) before fixing them as integers. If the WL and
NL ambiguities are recovered successfully as integers in real time, the ionosphere-free
ambiguities can be recalculated by exploiting this precise information to observation
equations to obtain better solutions of real-time PPP and LEO POD.

3. Experimental Data and Strategies of Real-Time PPP and LEO POD
3.1. Experimental Data

It is noted that there is currently no real-time autonomous precise orbit determi-
nation and navigation service for LEOs. Such a service is beyond current engineering
practice. Therefore, in this study, we imitate such scenarios. We used RINEX2RTCM
software to convert GNSS observations, broadcast ephemeris, and SSR corrections into
RTCM (Radio Technical Commission for Maritime Services) messages so that they could
be treated as real-time observations and corrections. Thus, the real-time data stream is
calculated from past IGS data and GRACE onboard observations, broadcast ephemeris,
CNES orbit, and IPC products. For the details of the simulation software, please re-
fer to the related research [14]. The observation data from the IGS reference stations
were selected to verify the PPP ambiguity resolution algorithm, which can be down-
loaded from ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily (accessed on 15 October 2021).
The LEO spaceborne observations and broadcast ephemeris can be downloaded from
ftp:/ /rz-vm152.gfz-potsdam.de/grace/Level-1B (accessed on 15 October 2021) and ftp:
//cddis.gsfc.nasa.gov/gps/data/campaign/mgex/daily/rinex3, respectively (accessed on
15 October 2021). It should be noted that the orbit (grgwwww.sp3 (accessed on 15 October
2021)), clock (grgwwww.clk (accessed on 15 October 2021)), and WSB products must ap-
ply the products provided by CNES from ftp://cddis.gsfc.nasa.gov/pub/gps/products
(accessed on 15 October 2021). The WSB products are given in the header of clock files [44].

3.2. Real-Time PPP, LEO POD, LEO KPOD, and RPOD Strategies

The specific details of real-time PPP, LEO KPOD, and RPOD data-processing strategies
are illustrated in Table 1. In order to be as consistent as possible with the current situation,
the update interval of GPS orbit and clock corrections were set as 5 s [34]. Meanwhile,
the latency of SSR corrections and the data-reception rate were converted to statistics
to ensure data continuity during simulation. The average latency and the SSR average
reception rate were around 5 s and 97%, respectively [14,34,45]. The performance of the
simulated real-time product is similar to that of the clk93 product provided by CNES.

It is worth mentioning that the dynamic models of real-time RPOD, such as the
atmospheric density model and N-body perturbation, simplified in our work are compared
with traditional post-processing RPOD for LEO [46]. Moreover, some dynamic models,
like ocean tide perturbation, earth radiation pressure, and relativistic effects that cause
less effect on acceleration, are neglected [14,46]. The purpose is to reduce computing
resources and improve algorithm running efficiency as much as possible without reducing
the performance of real-time LEO RPOD, so as to adapt to future spaceborne observation
conditions. Finally, the flow diagram shown in Figure 1 displays the process of ambiguity
resolution for real-time PPP and onboard LEO POD.


ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily
ftp://rz-vm152.gfz-potsdam.de/grace/Level-1B
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grgwwww.sp3
grgwwww.clk
ftp://cddis.gsfc.nasa.gov/pub/gps/products
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Figure 1. Flow chart of ambiguity resolution for real-time PPP/LEO POD.

Table 1. Processing strategy of real-time PPP, LEO KPOD, and RPOD.

Items PPP KPOD Models RPOD Models
Observation model Dual-frequency ionosphere-free combination model
Tonospheric delay Ionosphere-gee combinatior} model is'used to el'iminate the first-order ionospheric
elay, and the high-order ionospheric delays are neglected
Ambiguity IAR based IPC
Receiver clock Real-time estimated as white noise
GPS satellite orbit and clock Real-time obtained with SSR corrections and broadcast ephemeris
WSB Provided by CNES
Orbit/clock correction update interval 5s/5s
Latency of orbit/clock corrections 5s
Cycle slip MW and GF (geometry-free) [47] are used to detect cycle skip
Phase windup Model correction [48]

Satellite antenna PCO/PCV Igsl4.atx [49] (ftp:/ /ftp.aiub.unibe.ch/awg (accessed on 15 October 2021))
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Table 1. Cont.

Items PPP KPOD Models RPOD Models
Estimator EKF (Extended Kalman filter)
Co-ordinate frame ECEF (Earth-centered, Earth-fixed)
Sampling rate 30s 10s
Cut-off elevation angle 15° 5°

Official nominal-value correction of PCO and ignore
Receiver antenna PCO/PCV Igsl4.atx PCV (ftp:/ /isdcftp.gfz-potsdam.de (accessed on
15 October 2021)) [14]

. Real-ti L
Tropospheric delay erznggl;iitaliﬁiloigeas None

Real-time estimation in the R,

Empirical acceleration None None A, and C directions
Earth gravity field model None None GGMO5 (75 x 75) [50]
Earth tides None None koo Solid tides [46]
EOP None None EOP (IERS) 14 C04 [51]
N-body None None Low-precision model
Atmospheric density None None Harris-Priester [46], air-drag

coefficient a priori value is 2.3

Macro model [46],
Solar radiation pressure None None solar-radiation coefficient a
priori value is 1.3

4. Results of Real-Time Ambiguity Resolution
4.1. Validation Results of Real-Time Ambiguity Resolution for PPP

In this section, the real-time ambiguity-resolution algorithm for kinematic PPP is vali-
dated with nine randomly selected IGS stations and 10 days of data from 15 to 24 January 2017.
Taking two IGS stations, CEDU and NOVM, on 15 January 2017 as examples, the time
series of position errors between the ambiguity-float or ambiguity-fixed solutions and
IGS-released data are shown in Figures 2 and 3, respectively. It should be noted that the
ambiguity-float and the ambiguity-fixed solution, respectively, indicate whether the ambi-
guity parameter is calculated in the form of a decimal-point number or an integer. The time
series of position errors in E (east-west), N (north-south), and U (up-down) directions
are denoted by blue, green, and red lines. It can be found from Figures 2 and 3 that the
positioning accuracy of real-time PPP ambiguity resolution is better than that of traditional
float PPP, not only in the E direction but also in the N and U directions.

Ambiguity-float Positioning Errors for CEDU Station Ambiguity-fixed Positioning Errors for CEDU Station

0.4 T 0.4 T
U (Up-Down) U (Up-Down)
N (North-South) N (North-South)
02+ - E (East-West) | | 02tk - E (East-West)
) ,n’ifw'.\"r /”\,‘ - " 3
£ Ca £ ¢ ]
= oy N T ) ';/ i ; ‘ o B
2 ? g IR ‘
43) &3] i H
i i
! 1 ¥ )
0.2 0.2 Eif
{ +
04— 0.4 : : : ‘
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Epoch(hours) Epoch(hours)

Figure 2. The time series of CEDU station position errors between the ambiguity-float (left subgraph)
or ambiguity-fixed (right subgraph) solution and IGS-released data.
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Figure 3. The time series of NOVM station position errors between the ambiguity-float (left subgraph)
or ambiguity-fixed (right subgraph) solution and IGS-released data.

Table 2 illustrates the ambiguity-fixed ratio and the accuracy of real-time PPP with
ambiguity-float and ambiguity-fixed solutions. It should be pointed out that the ambiguity-
fixed ratio represents the rate of the number of epochs for which the ambiguity parameters
are successfully fixed as integers to the total number of epochs. It can be found in Table 2
that the total position error (3D-RMS) of both PPP ambiguity resolution and float PPP can
achieve a positioning error within 10 cm. The most obvious improvement of the average
accuracy is in the E direction, from 3.39 cm to 2.40 cm, with an enhancement of around
29%. The respective improvement of the N and U directions is about 19% and 13%. Besides,
compared with real-time float PPP, the average accuracy of PPP ambiguity-resolution
positioning error is enhanced by approximately 17%, and the average ambiguity-fixed ratio
is about 95.1%. It should be pointed out that the average improvement of IGS stations in
the vertical direction (the U direction) is about 13%, which is markedly worse than that of
the horizontal directions (the improvement of E and N directions is around 29% and 19%,
respectively). The reason could be that the vertical component has a strong correlation with
the receiver-clock and the zenith wet-delay parameter during parameter estimation and
absorbs the errors belonging to the receiver clock and the zenith wet delay [52]. In addition,
the phase biases have been demonstrated to be more correlated with the horizontal direction
than with the vertical direction [40,42]. In the two horizontal directions, because of the
north-south ground tracks of GPS satellites at the equator in the Earth-fixed reference frame,
the phase biases are more correlated with the east-west component than with the north-
south [40]. Thus, after the ambiguity parameter is successfully recovered to an integer,
the improvement of accuracy in the E direction is most significant, while the accuracy
in the U direction is improved least. Meanwhile, the average accuracy of IGS station
positioning error with real-time PPP ambiguity resolution and float PPP is given in Figure 4,
where the RMS of E, N, U, and 3D are represented by the yellow, green, blue, and red
bars, respectively.

Ambiguity-Fixed Solution Positioning Error of IGS Stations in ENU/3D

E
10 -EN |

Tadad i

3D
CEDU NOVM BJFS ADIS MASI AJAC DLFI FRDN ANKR

4
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| o NIl
IGS Stations IGS Stations
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(=)

Figure 4. IGS station average positioning error of ambiguity-float (left) and ambiguity-fixed (right)
solutions in E, N, and U directions and 3D-RMS.
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Table 2. The ambiguity-fixed ratio and RMS of real-time PPP in E (east-west), N (north-south), and U
(up-down) directions and 3D-RMS (total position error) with different solution types.

. Precision
IGS Station S(,)Tl;lt;:n E N RMS fem) U 3D-RMS Fixed Ratio I:)I;};r]g\_flir;\/[esnt
Float 2.85 1.73 7.94 8.61
CEDU Fix 0.80 117 478 4.99 96.3% T42%
Float 3.69 2.57 375 5.86 )
NOVM Fix 2.50 2.01 3.22 455 96-2% T22%
Float 3.01 1.35 4188 5.89
BJES Fix 2.67 1.18 452 5.38 94.3% T9%
Float 4.02 1.34 3.07 5.23
ADIS Fix 141 0.90 2.93 3.37 97.1% T36%
Float 416 1.89 6.31 7.79 )
MAS1 Fix 3.96 1.75 5.81 7.25 94.8% T7%
Float 1.63 1.32 8.51 8.76
AlAC Fix 148 0.79 7.00 7.20 95:7% T18%
Float 343 432 5.45 7.75
DLFL Fix 3.04 3.74 5.04 6.97 9a4% T10%
Float 5.04 2.43 6.66 8.70 )
FRDN Fix 422 2.10 6.62 8.13 89.3% T7%
Float 271 1.82 6.74 7.49
ANKR Fix 1.53 1.61 6.23 6.61 98.0% T12%
Float 3.39 2.09 5.92 7.14
Average Fix 2.40 1.69 5.13 591 95:1% T17%

4.2. Validation Results of Real-Time Ambiguity Resolution for LEO KPOD

In this section, the spaceborne data of GRACE series satellites are used to verify
the performance of real-time LEO KPOD with ambiguity resolution and compare with
float KPOD for GRACE satellites. Ten days of onboard observations from 15 January
2017 to 24 January 2017 were used in this experiment. Figure 5 displays the time series
of orbit differences between the real-time KPOD for GRACE-B and reference orbits on
15 January 2017, where the differences are shown in radial (R), along-track (A), and cross-
track (C) directions, respectively. Reference orbits as real values are calculated by post-
processed RPOD from the JPL (Jet Propulsion Laboratory), which can be obtained from
the Information System and Data Centre (ISDC). Additionally, the orbital time series of
differences with ambiguity-fixed and ambiguity-float solutions are denoted by red lines
and blue lines, respectively. It can be found in Figure 5 that orbital differences of real-time
KPOD with ambiguity resolution are better than those of the float KPOD mode in R, A,
and C directions after ambiguities are recovered as integers. Meanwhile, compared with the
real-time KOPD with ambiguity-float solutions, the differences of orbit in ambiguity-fixed
solutions perform smaller fluctuations.
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Figure 5. Orbital differences of GRACE-B ambiguity-fixed and ambiguity-float KPOD based on
comparison with reference orbits.

We further conducted statistics on the real-time KPOD accuracies of all participating
experiments, which are shown in Figure 6. The upper sub-figure and bottom sub-figure
exhibited in Figure 6 represent the result of the real-time KPOD with ambiguity-float and
ambiguity-fixed solutions, respectively. The real-time KPOD accuracies and the date of
experiments are depicted by the ordinate axis and the abscissa axis, respectively. The accu-
racies of different directions, i.e., the R, A, and C directions and 3D, of real-time KPOD are
displayed with different colors denoted by yellow, green, blue, and red, respectively.

Ambiguity-Float Solution of GRACE-B Real-time KPOD mode in RAC/3D
{ { ‘ |
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Figure 6. Cont.
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Ambiguity-Fixed Solution of GRACE-B Real-time KPOD mode in RAC/3D
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Figure 6. The accuracy (RMS) of real-time KPOD ambiguity-float (upper) and ambiguity-fixed (bottom)
solution for GRACE-B.

More details about the ambiguity-float and ambiguity-fixed solution of GRACE-B
with real-time KPOD mode are shown in Table 3. Both accuracies of KPOD with the
ambiguity-fixed and ambiguity-float solutions were able to reach the sub-decimeter level
(around 6-10 cm) during the test period. However, the average accuracy of ambiguity
resolution is better than that of the float solutions. The orbital 3D-RMS of GRACE-B
reduced from 8.36 cm to 7.02 cm, compared with the ambiguity-float solution. Regarding
the ambiguity-fixed ratio in the test period, the fixed ratio varies from 89.1% to 94.8%,
and the average ambiguity-fixed ratio is 91.9%. Moreover, the 3D-RMS average orbital
accuracy improvement is around 16%.

Table 3. The GRACE-B ambiguity-fixed ratio and RMS of real-time KPOD in R (radial), A (along-
track), and C (cross-track) directions and 3D-RMS (total position error) with different solution types.
GRACE-B.
. Solution RMS (cm) . . Precision Improvement
Time Method Type R A C 3D-RMS Fixed Ratio of 3D-RMS

Float 7.06 4.77 4.45 9.61

20170115 KPOD - 94.1% 121%
Fix 6.32 3.39 2.56 7.61
Float 6.31 4.02 321 8.14

20170116 KPOD - 90.4% 117%
Fix 4.87 3.62 2.98 6.76
Float 6.91 4.96 3.89 9.35

20170117 KPOD B 92.7% 115%
Fix 6.37 3.52 3.14 7.93
Float 7.03 3.88 2.54 8.42

20170118 KPOD B 94.8% 122%
Fix 4.72 3.61 2.83 6.58
Float 7.81 6.04 3.32 10.42

20170119 KPOD B 89.8% 1T11%
Fix 6.82 5.52 3.15 9.32
Float 4.94 431 3.92 7.64

20170120 KPOD 91.9% 116%

Fix 3.88 3.67 3.57 6.42
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Table 3. Cont.
GRACE-B.
. Solution RMS (cm) . X Precision Improvement
Time Method Type R A C 3D-RMS Fixed Ratio of 3D-RMS
Float 5.42 4.04 3.96 7.83
20170121 KPOD 3 90.8% 115%
Fix 4.61 3.14 3.61 6.64
Float 5.44 3.65 3.47 7.41
20170122 KPOD 3 91.5% 115%
Fix 4.57 3.32 2.79 6.30
Float 5.78 4.39 3.84 8.21
20170123 KPOD - 89.1% T17%
Fix 4.61 3.74 3.31 6.80
Float 4.83 3.95 4.66 7.79
20170124 KPOD - 93.4% 118%
Fix 3.88 3.35 3.76 6.36
Float 6.05 4.40 3.73 8.36
Average KPOP B 91.9% 116%
Fix 5.07 3.69 3.17 7.02
The accuracy of real-time KPOD for GRACE-A by applying the ambiguity-float and
ambiguity-fixed solutions are illustrated in Figure 7, and it can be found that the 3D-RMS
of real-time KPOD, both with ambiguity-float solutions and ambiguity-fixed solutions,
is better than 10 cm. The orbital accuracy of the ambiguity-fixed solution for GRACE-A
in each direction is better than that of the ambiguity-float solution during the processing
period. Table 4 gives more comprehensive statistical information, including the accuracy
of the real-time KPOD involved in the experiment, the fixed ratio of ambiguity, and the
improvement of accuracy. The average RMS improvement of the ambiguity-fixed solution
for GRACE-A in the radial, along-track, and cross-track directions relative to that of
traditional-float KPOD is around 20%, 13%, and 11%, respectively. In addition, the average
daily ambiguity-fixed ratio and 3D-RMS improvement compared with the float solution
are 92.9% and 16%, respectively. Therefore, it has been demonstrated that the ambiguity
resolution applied in the real-time KPOD for LEO can be considered an effective method to
strengthen the observation model and improve the accuracy of POD.
Table 4. The GRACE-A ambiguity-fixed ratio and RMS of real-time KPOD in R (radial), A (along-
track), an C (cross-track) directions and 3D-RMS (total position error) with different solution types.
GRACE-A
. Solution RMS (cm) . . Precision Improvement
Time Method Type R A C 3D-RMS  [ixed Ratio of 3D-RMS
Float 5.98 421 3.12 7.95
20170115 KPOD B 92.1% 1 14%
Fix 4.81 3.88 294 6.84
Float 7.31 4.53 3.66 9.35
20170116 KPOD B 93.6% 116%
Fix 6.33 3.4 3.14 7.84
Float 6.41 3.89 3.32 8.20
20170117 KPOD B 92.4% 117%
Fix 4.52 3.92 321 6.79
Float 4.88 4.36 3.62 7.48
20170118 KPOD B 94.2% 1 18%
Fix 3.74 3.71 3.15 6.14
Float 5.01 3.94 4.02 7.54
20170119 KPOD - 91.8% 115%
Fix 4.08 3.56 3.44 6.42
Float 5.64 3.88 3.67 7.77
20170120 KPOD 94.6% 1 18%

Fix 441 2.99 3.5 6.37
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Table 4. Cont.

GRACE-A
. Solution RMS (cm) . X Precision Improvement
Time Method Type R A C 3D-RMS Fixed Ratio of 3D-RMS

Float 5.79 3.86 3.62 7.84

20170121 KPOD N 95.3% 120%
Fix 4.36 3.48 2.84 6.26
Float 5.22 4.54 3.81 7.90

20170122 KPOD - 93.3% 116%
Fix 4.44 3.73 3.19 6.62
Float 5.53 49 4.33 8.56

20170123 KPOD - 90.5% 1T 14%
Fix 4.31 4.4 4.03 7.36
Float 7.24 5.88 3.41 9.93

20170124 KPOD - 90.7% 1 10%
Fix 6.44 5.41 3.02 8.94
Float 5.90 4.40 3.66 8.22

Average KPOD , 92.9% 1 16%
Fix 4.74 3.85 3.25 6.92

Ambiguity-Float Solution of GRACE-A Real-time KPOD mode in RAC/3D
T T T T I

4~
2+
0 || I [ [ | |

20170115 20170116 20170117 20170118 20170119 20170120 20170121 20170122 20170123 20170124
Date

RMS(cm)
[=)}
T
]

Ambiguity-Fixed Solution of GRACE-A Real-time KPOD mode in RAC/3D
T T T T T T

4 -
0 | |

20170115 20170116 20170117 20170118 20170119 20170120 20170121 20170122 20170123 20170124
Date

RMS(cm)
[=)}
T

Figure 7. The accuracy (RMS) of real-time KPOD ambiguity-float (upper) and ambiguity-fixed (bottom)
solution for GRACE-A.
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4.3. Validation Results of Real-Time Ambiguity Resolution for LEO RPOD

In this section, the real-time RPOD is computed for GRACE satellites by employing
the ambiguity-fixed and ambiguity-float solution to verify the performance of LEO POD.
The orbital differences time series between the result of real-time RPOD and reference orbit
in radial, along-track, and cross-track directions for GRACE-B on 15.01.2017 are depicted
in Figure 8, where the abscissa axis and the ordinate axis are observation time and the
orbital difference between RPOD and reference orbits, respectively. A phenomenon similar
to real-time KPOD can be drawn from Figure 8 that the performance of ambiguity-fixed
is better than that of ambiguity-float in the RPOD mode. Figure 9 gives the result of
RPOD for GRACE-B with ambiguity-float (upper sub-figure) and ambiguity-fixed (bottom
sub-figure) solutions. It can be seen that the 3D accuracy of fixed-ambiguity and float
ambiguity-solutions are better than 9 cm and 8 cm, respectively, in real-time RPOD mode
for the data used in our experiment.

0.4 Ambiguity-Fixed and Ambiguity-Fixed Solution for GRACE-B in Real-time RPOD Mode
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Figure 8. Orbital differences of GRACE-B ambiguity-fixed and ambiguity-float RPOD based on
comparison with reference orbits.

Table 5 lists the real-time RPOD solution type, RMS in radial, along-track, and cross-
track directions, ambiguity-fixed ratio, and precision improvement. The average 3D-RMS
of ambiguity-float and ambiguity-fixed solutions is 7.32 cm and 6.50 cm, respectively.
In the real-time RPOD mode, the average accuracy of fixed ambiguity for GRACE-B is
improved by 11% relative to that of ambiguity-float solutions. The respective improvement
in the radial, along-track, and cross-track directions are 12%, 10%, and 10%. Nevertheless,
the accuracy improvement of RPOD with ambiguity resolution is not as much as that
of real-time KPOD mode. One of the primary reasons is that the accuracy of real-time
RPOD with the constraints of the dynamic model is higher than that of KPOD without the
constraints of the dynamic model. Thus, the accuracy after the ambiguity is fixed in the
RKOD mode is not as obviously improved as that of the KPOD mode.

The statistical results of the real-time RPOD with ambiguity-float and ambiguity-fixed
solutions for GRACE-A are exhibited in Figure 10 and Table 6. The real-time results of
RPOD for GRACE-A by employing ambiguity-fixed and ambiguity-float solutions are better
than 10 cm in Figure 10. It can be found in Table 6 that the ambiguity-fixed ratio can reach
more than 90% during the processing period, and regarding the accuracy improvement,
after the ambiguities are successfully fixed as integers, the improvement varies from 7% to
13%. Thus, the ambiguity resolution, by applying IPC and WSB products, improves the
accuracy of both real-time KPOD and RPOD mode for GRACE series satellites.
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Figure 9. The accuracy (RMS) of real-time RPOD ambiguity-float (upper) and ambiguity-fixed (bottom)
solution for GRACE-B.

Table 5. The GRACE-B ambiguity-fixed ratio and RMS of real-time RPOD in R (radial), A (along-
track), and C(cross-track) directions and 3D-RMS (total position error) with different solution types.

GRACE-B
] Solution RMS (cm) . . Precision Improvement
Time Method Type . A P 3D-RMS Fixed Ratio of 3D-RMS

Float 6.31 4.27 2.61 8.05

20170115 RPOD - 95.4% 113%
Fix 6.05 3.23 1.58 7.04
Float 521 3.76 2.96 7.07

20170116 RPOD 3 91.1% 1 9%
Fix 4.65 3.51 2.79 6.46
Float 6.63 413 3.54 8.58

20170117 RPOD B 93.6% 1 12%
Fix 6.18 3.31 2.89 7.58
Float 6.27 3.61 2.32 7.60

20170118 RPOD B 96.1% 1 16%
Fix 4.57 3.52 2.71 6.37
Float 7.01 4.59 3.03 8.91

20170119 RPOD 90.4% 1 9%

Fix 6.23 422 2.98 8.09
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Table 5. Cont.

GRACE-B
. Solution RMS (cm) . X Precision Improvement
Time Method Type R A C 3D-RMS Fixed Ratio of 3D-RMS

Float 4.43 3.62 3.82 6.88

20170120 RPOD N 92.4% 112%
Fix 3.79 3.51 3.19 6.07
Float 4.61 3.24 3.41 6.59

20170121 RPOD - 90.7% 7%
Fix 4.21 2.99 3.32 6.14
Float 4.73 3.35 3.05 6.55

20170122 RPOD - 93.1% 111%
Fix 4.16 3.10 2.65 5.83
Float 4.71 3.94 3.13 6.89

20170123 RPOD - 89.7% 1 9%
Fix 4.25 3.54 3.02 6.30
Float 4.05 3.17 4.15 6.61

20170124 RPOD - 93.8% 1 13%
Fix 3.43 2.95 3.56 5.76
Float 5.40 3.77 3.20 7.32

Average RPOD - 92.6% T 11%
Fix 4.75 3.39 2.87 6.50

Ambiguity-Float Solution of GRACE-A Real-time RPOD mode in RAC/3D
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Figure 10. The accuracy (RMS) of real-time RPOD ambiguity-float (upper) and ambiguity-fixed (bottom)
solution for GRACE-A.
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Table 6. The GRACE-A ambiguity-fixed ratio and RMS of real-time RPOD in R (radial), A (along-
track), and C (cross-track) directions and 3D-RMS (total position error) with different solution types.

GRACE-A
Time Method S"Tl;‘::n x " RVS (Cm)c RS 11:{1:;2 ImpI::;C:zfrllzI;t of
3D-RMS

Float 531 3.81 2.99 7.19 )

20170115 RPOD - i el e = 93.0% +9%
Float 6.93 432 3.41 8.85

20170116 RPOD - o 231 200 270 94.3% +13%
Float 6.11 3.58 228 7.44 )

20170117 RPOD - i 8 T " 93.9% +12%
Float 417 4.01 3.18 6.60 .

20170118 RPOD - 2ol - 0 590 91.6% +11%
Float 431 3.57 3.75 6.74

20170119 RPOD - 288 248 21 5 92.0% +9%
Float 479 335 3.41 6.77 )

20170120 RPOD - i 2o i e 95.1% 8%
Float 4.83 3.46 2.96 6.64

20170121 RPOD - 2 - 279 o 96.8% +9%
Float 471 3.94 3.13 6.89 )

20170122 RPOD - 3 e 08 a0 94.5% 7%
Float 6.01 481 3.02 8.27 )

20170123 RPOD - o i 5 — 92.2% +12%
Float 432 421 3.26 6.86 .

20170124 RPOD - 2ol e 08 596 94.9% +13%
Float 5.15 391 3.14 7.18

Average RPOD Fix 444 3.54 3.04 6.45 93.8% T10%

5. Conclusions

The real-time onboard POD for LEO with ambiguity resolution is an effective method
to strengthen the observation model and improve the performance of orbit determination.
To verify the effectiveness of single-receiver carrier-phase integer-ambiguity resolution
on real-time PPP, KPOD, and RPOD, a methodology of ambiguity resolution based on
IPC and wide-lane satellite-bias products from CNES has been briefly introduced in this
work. Furthermore, the ambiguity resolution of real-time PPP, LEO KPOD, and RPOD
are validated by applying the data from IGS stations and multiple GRACE satellites,
respectively. The conclusions are shown below:

1. The average accuracy of positioning error (3D-RMS) for the real-time PPP, both with
ambiguity-fixed and ambiguity-float solutions, can achieve centimeter-level accuracy.
Compared with the float PPP solutions, the average positioning errors of ambiguity-
fixed solutions in the horizontal and vertical directions are improved by 26% and
13%, respectively, the accuracy improvement in the east-west direction is the most
significant, at about 29%.

2. After applying the integer-ambiguity resolution to the real-time KPOD mode for
GRACE series satellites, the average accuracies (3D-RMS) of GRACE-A and GRACE-B
in the abovementioned mode are about 6.92 cm and 7.02 cm, respectively. In compari-
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son with real-time KPOD with ambiguity-float solutions, the average improvement in
position for these two satellites, GRACE-A and GRACE-B, is approximately 16%.

3. In the real-time RPOD mode, a comparison of orbital accuracy between ambiguity-
float and ambiguity-fixed solutions for GRACE satellites shows that the average
real-time RPOD accuracy (3D-RMS) with ambiguity-fixed solutions is better (about
10%) than that with float solutions. Regardless of fixed- or float-ambiguity solutions,
the performance of real-time RPOD is better than that of the corresponding KPOD.
However, when the constraints of the dynamic model are applied in real-time RPOD
mode, the increase in the accuracy under the real-time RPOD mode is not as obvious
as under the real-time KPOD mode without the constraints of the dynamic model.
Moreover, the average ambiguity-fixing ratio in the real-time PPP, KPOD, and RPOD
was above 90% during the test period.
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Abbreviations

The following abbreviations are used in this manuscript:

3D-RMS  Three-dimensional root mean square

A Along-track

AU/NZ  Australian/New Zealand

BDS-3 BeiDou navigation satellite system
CNES Centre National d’Etudes Spatiales
C Cross-track

DD Double-difference

EKF Extended Kalman filter

ECEF Earth-centered, Earth-fixed

EOP Earth orientation parameters

E East-west

GGMO05  GRACE Gravity Model 05

GNSS Global navigation satellite systems
GRACE  Gravity recovery and climate experiment
GEO Geostationary earth orbit
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GPS Global positioning system

GF Geometry-free

HDB Hardware delay biases

IPC Integer phase clock

IGS International GNSS Service

IAR Integer-ambiguity resolution

IERS International Earth Rotation Service
ISDC Information System and Data Centre
JPL Jet Propulsion Laboratory

KPOD  Kinematic precise orbit determination
LEO Low earth orbit

MW Melbourne-Wiibbena

NL Narrow-lane

N North-south

pPPP Precise point positioning
POD Precise orbit determination
PCO Phase center offset

PCV Phase center variation

QZSS  Quasi-Zenith Satellite System

RPOD  Reduced-dynamic precise orbit determination
RTPP  Real-time pilot project

RTCM  Radio Technical Commission for Maritime Services
R Radial

SSR State-space representation

SBAS  Satellite-based augmentation systems

SDBS  Single difference between GNSS satellites

UPD Uncalibrated phase delays

U Up-sown

WSB Wide-lane satellite bias

WL Wide-lane

WRB Wide-lane ground receivers/LEO spaceborne receiver bias
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