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Abstract: Continuity is one of the metrics that characterize the required navigation performance of
global navigation satellite system (GNSS)-based applications. Data outage due to receiver failure
is one of the reasons for continuity loss. Although a multi-receiver configuration can maintain
position solutions in case a receiver has data outage, the initialization of the receiver will also cause
continuous high-precision positioning performance loss. To maintain continuous high-precision
positioning performance of real-time precise point positioning (RT-PPP), we proposed a continuity
enhancement method for RT-PPP based on zero-baseline constraint of multi-receiver. On the one
hand, the mean time to repair (MTTR) of the multi-receiver configuration is improved to maintain
continuous position solutions. On the other hand, the zero-baseline constraint of multi-receiver
including between-satellite single-differenced (BSSD) ambiguities, zenith troposphere wet delay
(ZWD), and their suitable stochastic models are constructed to achieve instantaneous initialization of
back-up receiver. Through static and kinematic experiments based on real data, the effectiveness and
robustness of proposed method are evaluated comprehensively. The experiment results show that
the relationship including BSSD ambiguities and ZWD between receivers can be determined reliably
based on zero-baseline constraint, and the instantaneous initialization can be achieved without
high-precision positioning continuity loss in the multi-receiver RT-PPP processing.

Keywords: continuity; real-time precise point positioning; multi-receiver; instantaneous initialization

1. Introduction

Precise point positioning (PPP) has advantages of high computational efficiency
and flexible operating mode without requiring dedicated reference stations, which is a
desired precise positioning method for mass-market applications [1,2]. Until recently,
some commercial companies including Fugro, Veripos, and Trimble provided real-time
precise point positioning (RT-PPP) service in marine and agriculture areas. Although
the RT-PPP can provide high-precision position solution, it requires a relatively long
initialization period to obtain position accuracy of dm-level or even cm-level [3,4]. To
ensure that RT-PPP meets the requirements of real-time applications in maritime, air, and
even automotive navigation, there is a growing interest in instant and continuous precision
solutions of RT-PPP.

The first initialization and re-initialization events are the main factors affecting instant
and continuous precision solutions of RT-PPP. RT-PPP takes tens of minutes for the phase
ambiguity to converge to the desired accuracy of centimeter-level, and the initialization
time depends on satellite geometry and prevailing atmospheric conditions [5,6]. With the
assistance of the uncalibrated phase delay (UPD) products and some atmospheric products
such as tropospheric and ionospheric delay corrections, the PPP-RTK (real-time kinematic)
method was proposed to achieve position accuracy at the centimeter-level with an initializa-
tion time of 1 min or better [7-9]. In addition, we can also spend tens of minutes waiting for
RT-PPP to complete the first initialization. Therefore, the instant and continuous precision
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solutions of RT-PPP are mainly limited by the re-initialization due to corrections outage,
cycle slips, receiver data outage, and so on. In terms of instant and continuous RT-PPP,
scholars have made some achievements. El-Mowafy proposed the prediction method of
real-time orbit and clock corrections to maintain precision solutions in case the commu-
nication link experiences outages [10,11]. To overcome the re-initialization, a number of
cycle slip detection and correction methods have been developed and implemented to
achieve instantaneous re-initialization of PPP, even if the ionosphere index is active [12-15].
However, the continuity loss caused by single receiver data outage (raw observation loss)
is often ignored, and the re-initialization of RT-PPP happens due to the cycle slip repair
failure with a long data outage.

In order to avoid loss of positioning continuity caused by single receiver failure, a mul-
tiple receiver configuration is always applied in order to enhance the reliability of precise
positioning in navigation, geodesy, land surveying, and geo-dynamics [16,17]. Although
an Inertial Measurement Unit (IMU) would effectively bridge-gap the receiver outage in
a fused sensor implementation, the continuous high-precision positioning performance
will be lost due to a single IMU sensor for a long time [18]. The survey vessels usually
set up independent receivers with PPP function at different positions to back up each
other for continuous high-precision positioning, such as dynamic positioning system and
unmanned vehicle. The definition of receiver failure is the time period when the receiver
fails and the raw observation cannot be received to resolve position solutions. Although
the configuration strategy of multiple receivers sharing the same antenna can be used to
meet the continuity requirements, the initialization of the back-up receiver will also destroy
the continuous high-precision positioning performance in case the master receiver has a
data outage. Considering the rapid initialization of ambiguity is the essence of the RT-PPP
initialization, thus, Song and Hao developed an instantaneous re-initialization method by
the use of relationship between multiple receiver ambiguities for PPP [17]. They focus on
instant precision positioning, which will cause instantaneous re-initialization failure with
constant baseline constraint by ignoring baseline deformation. The success rate of double-
differences ambiguity fixing is 99%, and the method is verified with limited experimental
data. Meanwhile, recent research has shown that the reliability of instantaneous initial-
ization can be improved by introducing external troposphere constraints and establishing
proper stochastic model [19-21]. Furthermore, there are few studies regarding instant
and continuous precision positioning of RT-PPP in multi-receiver strategy, especially to
improve the continuous high-precision positioning performance.

In this contribution, in order to meet the requirements of applications with relia-
bility of high-precision positioning and avoid continuous loss even if the frequent data
outages occur within a few minutes in both master and back-up receivers, such as dy-
namic positioning system and unmanned vehicle, a new method is proposed to enhance
continuous high-precision positioning performance of RT-PPP based on zero-baseline
constraint of multi-receiver. Firstly, a dual frequency between-satellite single-difference
(BSSD) ionosphere-free (IF) PPP model is derived, and the float states are calculated based
on robust sequential least squares (RSLQS). Secondly, compared to non-zero fixed baseline
constraint using dual-antenna, the issue of double difference ambiguity fixing reliability
reduction due to dual-antenna baseline deformation can be avoided with zero-baseline
constraint using a single antenna, and the independently single antenna with multiple
receiver configuration can be set up at different positions to back up each other to avoid
antenna failure. The benefit from zero baseline constraint is that not only the relationship
of between-satellite single-difference ambiguities between receivers is established, but
also the zenith wet tropospheric constraint between receivers is established as additional
observation to improve the model strength. Meanwhile, in accordance to the law of error
propagation, a suitable stochastic model is established to assign the appropriate weights for
the constraints. Therefore, the raw measurements of back-up receiver with prior informa-
tion of previous epoch’s zero-baseline constraints can achieve instant initialization during
the master receiver’s observation outage. In addition, the re-initialization in a receiver
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caused by cycle slips can be handled by [15] to achieve instant high-precision positioning.
In the experiment section, we present results from static and kinematic data to assess the
performance of this new method. Finally, some conclusions and remarks are summarized.

2. Methodology

The raw observations from stationi (I =1, 2, ..., m,s) tosatellitej (j=1,2,...,1 k)
can be simplified as [22]:

= p -ty —dtl g I+ T+ d] €] @

where L and P denote carrier phase and code observations, respectively; g (¢ = 1, 2) denotes
observation frequency, L1/L2 for GPS and GLONASS, B1/B2 for BDS, and E1/E5a for

Galileo. p] denotes the geometric distance between satellite j and rover i, dt; and dt/ are

the clock biases of receiver and satellite, respectively; I/ i1 is the slant ionosphere refraction
on fi,ve = fi/ fg is the ionospheric factor of f, w1th respect to fi; T.] is slant tropospheric
delay; A, is the carrier phase wavelength at fo; N, o 18 the integer phase amblgulty at fo;
di ¢ = di, i d]g is the difference of code biases between receiver and satellite; b’/ e = bi’ ¢ bfg,
is the difference of uncalibrated phase delays (UPDs) between receiver and satellite. e]i’ 2

and (ﬂ, o are the sum of multipath effects and thermal noise for the code and carrier phase
observations, respectively. Note that all variables are expressed in meters, except the
ambiguity and UPDs which are in cycles. In addition, the relativity effects, the phase
wind-up, and the site displacement effects, including solid earth tides, ocean tides and
polar tides, are corrected through the empirical models [23,24].

As is well-known, the IF combination observations are normally used in PPP to elimi-
nate the first-order ionospheric delays in the pseudo-range and carrier phase measurements,
which can be expressed as follows [25],

L e =all,+ (1 —a)Ll, = pl+dt; + T/ + AN + 8 ®3)

P{IF ocP]1+(1—a) p1+dt+d11F+T +s (4)
where « = f2/(f2 - f3), AIFN{,IF = oc(/\lel +b )+ (1 (x)(/\zNJZ +1,) is the IF
ambiguity in meters, d; ;r = a-d;; + (1 —a)d;, is the IF receiver code hardware delays in
meters. The satellite orbit and clock can be corrected using external precise products in
state space representation (SSR) format. It should be noted that the current real-time precise
clock products are referred to the ionospheric-free combination of L1/L2 for GPS, E1/E5a
for Galileo, and B1/B2 for BDS. As a result, there is no satellite code bias on the right side
of (4) for the IF combination which is adopted to generate the precise clock products. For
the carrier phase, the uncalibrated phase delays cannot be cancelled and will be mapped
into ambiguities. This mapping will not be a problem since the ambiguities are estimated
as a lumped term and treated as float values [26].

2.1. BSSD Ambiguity-Float PPP Model

The BSSD observations are employed in this section, so that the effects of receiver
clock error as well as receiver-dependent code and phase hardware delays in (3) and (4)
can be removed. The IF PPP model based on BSSD for receiver m between satellites [ and k
can be expressed as,

ALm iF = Dply + mf(d)m wZmw + )‘IFAleIF + A‘:m IF &)
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APlkIF - Ap + mf(el)m w = m,w + Asm IF (6)

where A denotes the satellite-between differenced, and the satellite k with healthy obser-
vations and the highest elevation is selected to the reference. el denotes the elevation.
Z 1w 18 zenith wet delay (ZWD) of troposphere, which is estimated based on the 2 h piece-
wise method. mf (el),, ,, denotes the non-hydrostatic mapping functions at el for station
m [27]. Therefore, the estimated states contain position, ZWD, and BSSD float carrier
phase ambiguities of all satellites in view for station m. Specifically, the PPP algorithm can
be implemented using RSLQS [1]. The float-estimated states by RSLQS can be obtained
as follows,

X — -1 — N
Xm = (Pm,O +Hr];tleHm) HLleym + [ am,0 bm,O Cm,0

Q Q Q
Q B (P +HTR—1H )71 7 Qm,a Qm,ab Qm,ac (8)
mx — m,0 mf™m iy - m,ba m,b m,bc
Qm,ca Qm,cb Qm,c

where %, is the BSSD float states with variance-covariance matrix (VC-matrix) Q,, », &m,
b,,, and &,, denote the position coordinates (X, Y, Z), ZWD, and BSSD float carrier phase
ambiguities of all satellites in view, respectively. The subscript 0 denotes prior value. H,, is
the design matrix, P, ¢ is a priori weighted matrix for the float-estimated states, R, is the
robust observation weight matrix, and Y,, is the corrected observation vector.

2.2. Zero Baseline Constraint Conditions

The multi-receiver with zero-baseline constraint usually contains master receiver m
and back-up receiver s. In order to achieve instantaneous initialization of back-up receiver s
when raw data outage occurs in the receiver m, the states of receiver s contain BSSD IF float
carrier phase ambiguities, ZWD and their stochastic model should be determined precisely.

On the one hand, the double-differenced ambiguities VAN’,ZS 1 and VANle , can
be fixed using the least-squares ambiguity decorrelation ad]ustment (LAMBDA) algo-
rithm [28]. Meanwhile, the ambiguities relationship between master receiver m and back-up
receiver s can be determined reliably by double-differenced model with zero baseline con-

straints [29]. The constraint condition is that \/ (X — Xp)2 4 (Yo — V) + (Zi — Z)* =0,
where (X, Yin, Zm) and (Xp, Yy, Zp) are master and back-up positions in the Earth Cen-
tered Earth Fixed (ECEF) coordinate system, respectively. Once the double-differenced
ambiguities VAN%S 1 and VAN’,%S,2 are fixed separately, the prior BSSD float carrier phase
ambiguities of receiver s can be written as follows,

Cs0 = Cm — Cms (9)

where ¢,,,s = a~VAN’,§£S,1+(1— a) -VAN%S »
between master receiver m and back-up receiver s. On the other hand, the prior ZWD of

back-up receiver s with zero baseline constraints can be written as,

denotes the double-differenced IF ambiguities

by = bu (10)

Therefore, the zero baseline constraint conditions including BSSD IF ambiguities and
ZWD can be constructed reliably based on BSSD ambiguity-float PPP model.

Inappropriate weights may cause outliers to remain undetected and truly high-quality
observations to be rejected, thus leading to a considerable loss of accuracy despite largely re-

dundant observations. Since ¢,;s can be expressed as &5 = «- VANle 1F(1= zx) VANkls 2

&ms become a constant value when the double-differenced ambiguities VANkl 51 and
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VANﬂslz are fixed. Therefore, the variance of ¢, is zero. In accordance with the variance-
covariance propagation law, the prior VC-matrix of (9) and (10) can be expressed as follows,

QS,CO = D{CS,O} = D{em} = Qm,c (11)

Qs 0 = D{bso} = D{bu} = Q,,; (12)

where, D{-} denotes variance operator. Meanwhile, Cov(bs g, ¢s,0) =Cov (b, &m) =Quc
and Cov(es0, bs0) =Q,, o Therefore, the suitable stochastic model to assign the appropri-
ate weights for zero baseline constraint conditions can be obtained.

2.3. Instantaneous Initialization with Zero-Baseline Constraint of the Back-Up Receiver

Once the raw data outage occurs in the receiver m, the prior BSSD IF ambiguities and
ZWD can be determined by (9) and (10), and their VC-matrix can be obtained based on (11)
and (12). The prior VC-matrix of receiver s float-estimated states can be written as follows,

Qo 0 0
PS,O = 0 Qm,b Qm/bc (13)
0 Qm,cb Qm,c

where Q , is a priori VC-matrix for a. d; o can be calculated by weighted least squares.
Furthermore, the float-estimated states of receiver s can be calculated based on (7) and (13).
Therefore, the continuity loss of high-precision position solutions due to a single receiver
data outage can be avoided. The PPP engine calculates each epoch’s solution based on
back-up receiver until the outage occurs in the back-up receiver.

The benefits of proposed method are concluded according to the description men-
tioned above. On the one hand, the benefit from zero baseline constraints, the issue of
double difference (DD) ambiguity fixing reliability reduction due to dual-antenna baseline
deformation can be avoid. Meanwhile, in accordance with the law of error propagation,
the BSSD IF ambiguities and ZWD of back-up receiver calculated based on zero-baseline
constraint have the same accuracy as the master receiver, and the initialization of BSSD IF
phase ambiguity and ZWD can be achieved instantly when the master receiver experiences
data outage. The appropriate stochastic model is also established to match the zero-baseline
constraints. Therefore, the ZWD and BSSD float carrier phase ambiguities of all satellites
in view for the back-up receiver can achieve instant initialization, and the instantaneous
initialization or re-initialization can be achieved. On the other hand, compared to a single
receiver, the mean time to repair (MTTR) of multi-receiver configuration is improved to
ensure the continuity of position solutions, even if frequent outages occur to both receivers.
Therefore, the proposed method can meet the requirements of applications with reliability
of high-precision positioning and avoid continuous loss due to a single receiver failure.
MTTR indicates the time length to achieve high-precision positioning after a raw data
outage occurs in a single receiver.

The flow chart of the proposed method is shown in Figure 1.

Step A: When the master and back-up receiver operate normally sharing the same
antenna, the PPP engine calculates each epoch’s solution based on master receiver’s
measurements, and the back-up receiver just receives raw data. Meanwhile, the zero-
baseline constraints including BSSD IF ambiguities, ZWD, and their VC-matrixes are
calculated in parallel all the time. The BSSD IF ambiguities and ZWD of back-up receiver
can be calculated based on (9) and (10) at each epoch, and the VC-matrix of constraints can
also be obtained based on (11) and (12). In accordance to the law of error propagation, the
BSSD IF ambiguities and ZWD of back-up receiver have the same accuracy as the master.
Although the PPP solution can be calculated from both receivers all the time, and switch to
one of them if the other fails, the continuous high-precision positioning performance will
be lost due to re-initialization when frequent data outages occur within a few minutes in
both master and back-up receivers.
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Step B: Once the master receiver’s observation outage occurs, the system switches
to the back-up receiver’s raw measurements. The zero-baseline constraints including
BSSD IF ambiguities, ZWD, and their VC-matrixes as the prior information of back-up
receiver is determined at previous epoch or earlier to instantly achieve initialization by
(7), and the continuity loss can be avoided by instantaneous initialization. Note that the
re-initialization in a receiver caused by cycle slips can be handled by [15] to achieve instant
high-precision positioning. During the master receiver’s observation outage, the PPP
engine calculates each epoch’s solution based on back-up receiver until the outage occurs
in the back-up receiver.

STEP A STEP B

Master and back-up receiver
operate normally

L1/L2 DD ambiguities fixing
with zero-baseline constraints
using LAMBDA at kth epoch

l

Construct zero-baseline

Master receiver
data outage

Errors correction for back-

constraints based on Equation up recerver
(9) and Equation (10) ]
] SD IF PPP model with
Establish proper stochastics previous epoch or earlier

model based on Equation (11)
and Equation (12)

prior zero-baseline
constraints

!

Position is estimated based
on Equation (7)

Position is estimated based on
Equation (7)

Figure 1. Flow chart of continuity enhancement method for real-time precise point positioning (PPP)
with zero-baseline constraint of multi-receiver.

3. Experiment and Discussion

In order to evaluate continuous high-precision positioning performance of the pro-
posed method when raw data outage occurs in a receiver, both the real-world static and
kinematic GPS data were collected to sufficiently test the proposed method. The ability of
instantaneous initialization is firstly verified based on the real-world static data, and the
performance of continuous enhancement is evaluated based on the kinematic data. The
real-time precise orbit and clock products are from the Chinese Academy of Sciences [30].
The threshold of the ratio test for the LAMBDA is set as 1/3 for double-differenced am-
biguities fixing. The threshold is defined as the ratio of the minimum quadratic form of
residuals to the second minimum quadratic form of the residuals. The satellite elevation
cutoff angle is set 10°.

3.1. Static Experiment

In this static experiment, we use zero baseline data of Curtin University with 30 s
sampling interval from CUTO and CUT2 in DOY 264, 2019 (saegnss2.curtin.edu/Idc/,
accessed on 15 July 2017). The CUTO0 and CUT?2 are sharing the same antenna. The CUTO
is the master receiver, and the CUT?2 is the back-up receiver. The time length for static
experiment data is 24 h. The position results can be evaluated because the coordinates of
CUTO are accurately known.

In case the master receiver has a data outage, the instantaneous initialization of back-
up receiver is the most important step to achieve continuity high-precision positioning
enchancement of multi-receiver. Therefore, we simulated raw data outage of CUTO every
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290 epochs by artificially introducing data outage to verify the instantaneous initialization
ability of proposed method. Note that the 290 can be set to any integer and the duration of
the outage is 1 s. The left panel of Figure 2 shows the position results of CUT0 under BSSD
IF PPP model. Once the simulated raw data outage of CUTO happens, the continuous high-
precision positioning performance will be lost due to re-initialization event. In contrast,
the satellite signals can be continuously locked by CUT2 and the baseline between CUTO
and CUT?2 is zero. The right panel of Figure 2 shows the position results of CUT2 without
signal reacquisition. The results show that the continuity of high-precision positioning can
be maintained after the first initialization, and the root mean square (RMS)s of position
errors are 2.4 cm, 1.8 cm, and 3.4 cm in the east, north, and up components, respectively.

0.3

| e AE « AN « AU|

2 -0.3

8 12 16 20 24 20 4 8 12 16 20 24
Time (h) Time (h)

Figure 2. Position errors under single difference (SD) PPP model. The panels from (left) to (right) are CUT0 and CUT?2.

In order to verify the instantaneous initialization ability of proposed method, the zero
baseline constraints between CUTO0 and CUT?2 are first determined. The real-time kinematic
(RTK) method with zero baseline constraint is adapted to determine the uncombined
double differenced ambiguities of L1 and L2. The ratio test values using LAMBDA for
ambiguities fixing between master and back-up receiver are given in Figure 3. The blue
point and red line denote ratio test values and threshold, respectively. It shows that all the
ratio test values are much smaller than the threshold of 1/3, which illustrates the reliability
of double differenced ambiguities fixing with a high confidence level.

0.35
03 | e ratio value —threshold|
0.25
S
< 0.2
>
il
% 0.15
14
0.1
0.05 .
! o8 p ; s ¢ o fo
0
0 4 8 12 16 20 24
Time (h)

Figure 3. Ratio values of double-differenced ambiguities fixing.

The relative position between CUTO0 and CUT2 can be obtained after the DD ambi-
guities fixing successfully. Since the baseline length is zero, the truth-value of relative
position between receivers is zero, which is the perfect reference to assess the accuracy of
estimated relative position. The relative position accuracy is at the order of millimeter level,
as shown in Figure 4. AE, AN, and AU in the caption of Figure 4 indicate position errors in
the E, N, and U components of the ENU coordinate system. The results further verified
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the correctness and reliability of ambiguities fixing. The fixed success rate reaches 100%.
Therefore, the relationship of BSSD IF ambiguities between receivers can be constituted by
fixing double differenced ambiguities of L1 and L2. Meanwhile, the ZWD of CUTO is equal
to CUT2 due to the zero-baseline constraint.

0.01

Error (m)

-0.01 L 1 1 L L
0.0 0 4 8 12 16 20 24
Time (h)

Figure 4. Relative position errors between master and back-up receiver.

Once the zero-baseline constraints are determined, the position results by the proposed
method in CUTO can be obtained, as shown in Figure 5. Compared with Figure 2, the
re-initialization events disappear after the first initialization, and the position accuracy
reaches centimeter level as same as CUT2. Therefore, the instantaneous initialization of RT-
PPP can be achieved under zero-baseline constraint of multi-receiver, and the continuous
high-precision positioning performance can be maintained.

0.3

| © AE - AN -+ AUl

Error (m)
o

-0.15

4 8 12 16 20 24
Time (h)

-0.3
0

Figure 5. Position errors of multi-receiver based on zero-baseline constraint.

3.2. Kinematic Experiment

In order to further verify the effectiveness of proposed method in real-world appli-
cations, we use real kinematic data with 1 s sampling interval collected by two OEM683s
via a divider and a 704 antenna on Songhua River of Harbin, China, at DOY 317, 2017.
The data length is 5 h. Figure 6 shows the trajectory of kinematic experiment, the red line
represents the trajectory of the boat, and the yellow symbol Base is 3.8 km away from the
rover. The kinematic PPP solutions were carried out to be compared by the RTK fixed
solutions for further verification. Figure 7 shows the number of available satellites in multi-
GNSS configuration and the position dilution of precision (PDOP) during the kinematic
experiment, the available satellites are more than 8, and the PDOP is better than 3.
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Figure 6. Kinematic experiment trajectory.
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Figure 7. Available satellites and position dilution of precision (PDOP) during the kinematic test.

The artificial data outage of master receiver was introduced during the periods of
04:00:01 to 04:59:59 and 06:00:01 to 06:59:59, and the data outage of the back-up receiver
appears between 03:00:00 and 03:59:59, 05:00:01 and 05:59:59, and 07:00:01 and 08:00:00.
Figure 8 represents the PPP position results of master and back-up receivers. The results
show that the continuity of positioning results will be lost when the receiver has a data
outage. Subsequently, the re-initialization will happen when the data recovers in the
master and back-up receivers. Therefore, the data outage of single receiver will destroy the
continuous high-precision positioning performance.

Both master and back-up receivers can receive the raw observations data at 04:00:00,
05:00:00, 06:00:00, and 07:00:00. Therefore, the relationship of BSSD IF ambiguities and
ZWD between master and back-up receiver can be determined, and their suitable stochastic
models are constructed. Figure 9 shows the PPP position errors with zero-baseline con-
straints. The position result consists of master and back-up receiver. The results show that
the continuity of high-precision positioning can be maintained after the first initialization,
even if there is a single receiver data outage. The statistics related to position accuracy
and continuity of master receiver, back-up receiver, and multi-receiver configuration are
shown in Table 1. Compared to single receiver configuration, the positioning continuity
of the multi-receiver configuration can be improved to 100%, and the RMSs of position
errors without re-initialization are 0.182 m, 0.101 m, and 0.235 m in the east, north, and
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m)

Error (

vertical components, respectively. In addition, the MTTR can also be improved in multi-
receiver strategy, because even if there is a failure in the master receiver, the continuous
high-precision positiong of back-up receiver will also maintain without outage based on
zero-baseline constraints.

-1.5

|« oE AN+ AU

|

03:00

04:00

05:00 06:00 07:00 08:00 03:00 04:00 05:00 06:00 07:00 08:00
Time (HH:MM) Time (HH:MM)

Figure 8. PPP position errors without inner-receiver constraints. The (left) panel shows the position errors of master

receiver, the (right) is back-up receiver.

2

« AE + AN o AU|
15 1

Master Master MasterT

Ba'ck-up

03:00 04:00 0500 06:00 07:00 08:00
Time (HH:MM)

Figure 9. PPP position errors with zero-baseline constraint of multi-receiver.

Table 1. The statistics related to position accuracy and continuity of master receiver, back-up receiver,

and multi-receiver configuration.

Configuration E (m) N (m) U (m) Continuity
Master receiver 0.26 0.222 0.413 60%
Back-up receiver 0.377 0.268 0.419 40%
Multi-receivers 0.182 0.101 0.235 100%

4. Conclusions

Receiver data outage is one of the reasons for continuity loss of position solutions, and
the re-initialization of RT-PPP will happen when the data recover. However, the receiver
data outage events are always ignored for RT applications. Hence, the purpose of this study
is to achieve continuous high-precision solutions by proposing a continuity enhancement
method for RT-PPP based on zero-baseline constraint of multi-receiver. Benefit from zero
baseline constraints of multi-receiver, the initial BSSD IF ambiguities and ZWD can be
determined instantly and reliably without baseline deformation. Moreover, in accordance
with the variance-covariance propagation law, the suitable stochastic model to assign the
appropriate weights for zero baseline constraints can be obtained, which is beneficial for
improving the reliability of instantaneous initialization. Meanwhile, the MTTR in theory
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can be improved compared with a single receiver to maintain positioning continuity. The
proposed method is tested using static and kinematic data. The static experiment has
shown that the double-differenced uncombined ambiguities can be fixed with a high level
of confidence with zero baseline constraint, thus, the initial BSSD IF ambiguities and ZWD
can be determined instantly and reliably. Moreover, the instantaneous initialization of back-
up receiver can be achieved after the first initialization. Furthermore, the continuity loss
and re-initialization of PPP caused by raw data outage were removed, and the continuous
sub-decimeter level PPP solutions can be maintained after the first initialization in the
kinematic experiment. Therefore, applying the proposed method, the high precision
position solutions continuity of RT-PPP can be enhanced. In addition, the method can also
easily be extended to other navigation systems such as GLONASS, Galileo, and BDS.
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