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Abstract: Real-time Kinematic (RTK) positioning provides centimeter-level positioning accuracy
within several seconds, but it has to rely on a nearby base station. Although Precise Point Positioning
(PPP) supplies precise positions with one receiver, its convergence time takes several tens of minutes,
which makes PPP not well suited for real-time kinematic applications where a rapid convergence is
required. PPP-RTK integrates the benefits of PPP and RTK, which actually is PPP augmented by a
ground GNSS network. The satellite orbit, clock offsets, signal biases, ionospheric and tropospheric
corrections are determined based on this GNSS network, modeled as state space information and
transmitted to PPP users. By applying these State Space Representation (SSR) corrections, a real-
time kinematic PPP-RTK approach is developed and implemented, which can instantly resolve the
ambiguities to integers and realize rapid convergence. In a static scenario, it realized an instant
ambiguity resolution and a rapid convergence within 2 s in more than 90% of 120 hourly sessions.
The PPP-RTK has been applied and evaluated in a kinematic scenario on the highway. The horizontal
positioning errors are almost lower than 0.1 m except for the time of passing through bridges. After
passing bridges, the PPP-RTK successfully resolved ambiguities within 2 s in 90.6% of the cases and
achieved convergence in horizontal within 5 s in more than 90% of the cases. The PPP-RTK with
a precision of 0.1 m and rapid convergence of several seconds benefits the precise navigation of
automobile on the highway, which will support the development of autonomous driving in future.

Keywords: precise point positioning; rapid convergence; state space representation; ambiguity
resolution; vehicle transportation

1. Introduction

Global Navigation Satellite System (GNSS) is widely applied for outdoor precise posi-
tioning. According to the report of European Union Agency for the Space Program (EUSPA),
safety-critical automated driving requires a 20 cm positioning accuracy in horizontal [1].
Real-time Kinematic positioning (RTK) and Precise Point Positioning (PPP) [2,3] utilize
ambiguous but accurate carrier-phase observations to reach centimeter-level positioning.
RTK uses the observations from a rover receiver and a nearby base station deriving precise
solutions with a rapid convergence of several seconds [4,5]. However, RTK has some limita-
tions in real-time applications: (1) it needs a high-bandwidth transmitting correction data,
(2) the service area of one base station is limited, and (3) a bidirectional communication
link between rover receiver and RTK service provider is required. In contrast, although
the prime feature of PPP is only using the observations from one receiver, it has to depend
on precise satellite products such as orbit and clocks [6-8]. Consequently, PPP regularly
takes several tens of minutes to converge [9,10], which is the major drawback that makes
PPP not well suited for real-time applications. Then, PPP-RTK is proposed to combine the
benefits of both RTK and PPP.

PPP-RTK means the augmented PPP based on a ground GNSS network [11]. The
satellite accurate orbit, clock offsets and atmospheric corrections are generated based on this
GNSS network, modeled as state-space information and transmitted to users. Compared
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with the Observation Space Representation (OSR) used in RTK, the main advantage of State
Space Representation (SSR) is that it can be adapted for broadcast applications with an
unlimited number of users [11]. In addition, SSR is bandwidth-optimized in transmission
compared to OSR. By applying the entropy encoding, a compressed format called SSRZ is
proposed [12], which saved a lot of bandwidth in transmission. Satellite Positioning Service
of the German Land Survey (SAPOS) initiated a scheme for providing SSR corrections in
different regions of Germany. The performances of PPP-RTK based on this real-time SSR
service are interesting to investigate.

Another benefit of PPP-RTK is integer Ambiguity Resolution (AR) [13,14]. According
to different types of bias products, the AR is divided into the following three categories:
(1) common clock method, the network service center provides a common clock plus dif-
ferent types of biases to users for ambiguity resolution [15]; (2) distinct clocks method, it
dumps the carrier-phase biases to clock products, and provides different types of clocks
to users [16]; (3) another method is designed specifically for PPP-RTK based on linear
combination of ionosphere-free observations [17-19]; it calculates wide- and narrow-lane
carrier-phase biases to resolve the ambiguities. Actually, methods (3) and (2) are a theoreti-
cal reparameterization of method (1). Therefore, method (1) is the most common one used
in SSR broadcast service to support PPP-RTK on achieving AR.

Once AR is achieved, the challenge being faced is to shorten the time of AR and con-
vergence. GPS PPP, typically based on observations of ionosphere-free linear combination,
requires several tens of minutes to resolve ambiguities [20,21]. This long convergence
is caused by the low model’s redundancy, either in the uncombined model due to the
presence of the unknown ionospheric parameters or in the model of ionosphere-free linear
combination due to a low number of used measurements. The researchers tried to improve
the model redundancy to shorten the convergence time in two ways: (1) integrating multi-
constellation and multi-frequency GNSS signals; fusion of multi-constellation GNSS could
reduce the convergence time from ~30 min to several minutes [21-24]. (2) Utilizing external
atmospheric products; it has been proven PPP-RTK reduces the convergence time by using
global or regional ionospheric products [25,26]. In the presence of ionospheric delays, the
convergence time could be shortened to 1.5 to 3 min [27,28]. Based on a small scale of GNSS
networks, with interpolated accurate ionospheric and tropospheric delays, the convergence
time was further reduced to 1 min [14], and a rapid reinitialization of less than 1 min was
also achieved [29,30].

However, the current researches of PPP-RTK are mostly focus on post-processing,
because of its complexity of implementation for the whole concept of PPP-RTK in real-time.
SAPOS is planning for providing German wide real-time PPP-RTK services from 2023, but
before that its performances for different scenarios and application fields need to be fully
explored and evaluated. Moreover, the PPP-RTK with an initialization time of 1 min is not
fast enough for real-time kinematic applications. A rapid convergence of several seconds is
required especially in a real-time kinematic scenario, e.g., in vehicle transportation where
a rapid convergence after passing a bridge or tunnel is needed. To achieve this goal, we
utilize GPS + Galileo double frequency observations and developed a PPP-RTK approach
with the aid of SAPOS real-time SSR corrections. The undifferenced observations are
adopted and the SSR atmospheric products are seen as pseudo-observations. By applying
the phase biases, the single-differenced ambiguities between two satellites are resolved to
integers. Finally, PPP-RTK realized an instant AR and rapid convergence within several
seconds even in a kinematic scenario. We conducted different measurement campaigns to
validate and evaluate the PPP-RTK performances in static and kinematic scenarios.

In the following, Section 2 depicts the mathematical model of PPP-RTK with SSR
corrections; Section 3 analyzes the PPP-RTK accuracy and convergence in a static scenario.
Its performances in the application of vehicle transportation are evaluated in Section 4, and
Section 5 draws the conclusions.
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2. Mathematical Model of PPP-RTK with SSR Corrections
2.1. Workflow

The whole concept of PPP-RTK contains two segments: PPP-RTK service center and

PPP-RTK user end, as illustrated in Figure 1. The PPP-RTK service center, e.g., SAPOS in
this case, collects GNSS observations from a ground station network which is then used
to compute precise satellite orbit and signal biases products with an updating interval of
30 s, the high-rate clock corrections with an interval of 5 s, and simultaneously estimate
tropospheric and ionospheric model parameters every 30 s. All of these products are
represented as SSR corrections and broadcast to users.

PPP-RTK User

PPP-RTK Service Center (SAPOS)
Receiving GNSS observations
_ and SSR corrections
Reference Stations
e -
~— GNSS data pre-processing
1
— v
G
N~ — 3 Prediction of Kalman filter
- )
(L v
——— < Update Kalman filter based on < =
1 Broadcast g the GNSS observations B 2
5 n >» o ¢ e
\ / x
\§ Y, 2 §
Residual detection
\ 4
( SSR Corrections w Find large residuals?
o Orbit corrections (30s)
o Clock corrections (5s) No
¢ Code biases (30s) - ]
o Phase biases (30s) Ambiguity resolution
e Tropospheric model (30s)
« lonospheric model (30s)
Ambiguity resolution succeeds?
Yes
Update Kalman filter based on

the resolved ambiguities

Figure 1. Workflow of PPP-RTK.

This manuscript will focus on the real-time data processing at the user side which

includes the following seven steps as shown in Figure 1:

@

@)

®)
4)

©)

Receive GNSS observations and decode SSR corrections in real-time; calculate the
SSR tropospheric and ionospheric delays for each satellite based on the approximate
position of the receiver;

GNSS data pre-processing, which mainly removes some potential large errors and
detects the cycle slips by using TurboEdit algorithm [31];

Prediction of Kalman filter based on Section 2.3;

Update of Kalman filter based on Section 2.4, obtain the PPP-RTK solutions with-
out AR;

Detect large residuals; if the residual of one satellite is larger than 5 m for code
measurements and 0.05 m for phase measurements, or the residual is larger than
3 times of standard deviation of all satellites’ residuals, the satellite will be excluded
from the data processing at current epoch. Then, go back to Step (4) and reupdate the
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state vector of Kalman filter; if there are no large residuals, then go forward to the
next step;

(6) Extract the float ambiguity estimates and their variance-covariance matrix; construct
the double-differenced ambiguities between two satellites and two frequency bands
to recover the integer feature of the ambiguities, and then resolve the ambiguities to
integers; if AR fails, then derive the solutions without AR and proceed to the next
epoch, otherwise continue the next step.

(7)  Update the solution of the Kalman filter based on the resolved ambiguities and derive
the solutions with AR; finish this epoch and proceed to the next epoch.

2.2. GNSS Observation Equations

GNSS observations equations for code and carrier-phase measurements based on SSR
corrections [32] are formulated as

Pl = pf 4 c(dt, — dbs) + 8bj — 8b} -+ miT + g ' + +e (P

L;‘ = Pi +c(dty —dts) + 5hj — 571} +miT — ngi + )Lj (n; + (5wi> + E(LD
SSRY = miT +¢(SSRY)

SSR} = I' +¢(SSR})

)

where Pf and L;'- indicate the code and carrier-phase measurements from satellite 7 to receiver

at frequency j(j = 1,2); o' denotes the distance between the satellite and receiver; dt, and
dts indicate the receiver and satellite clock offsets; 5b]- and 5b§- are receiver and satellite code
biases; oh; and (Shj indicates receiver and satellite phase biases; the Zenith tropospheric
delay is marked as T with m' indicating the global mapping function [33]; The slant
iqnospheric delay is denoted as I, and g; = (f;/ fl)z with f meaning the signal frequency;
n; represent integer carrier-phase ambiguities and A is the corresponding wavelength; ¢
means the observation noise. Moreover, the tropospheric and ionospheric delays calculated
with SSR corrections are indicated as SSR and SSR’ [12]. They are treated as pseudo-
observations to improve the strength of the PPP-RTK mathematical model. Last but not
the least, relativistic effects and satellite carrier-phase windup correction [34] have been
corrected in Equation (1). However, in a kinematic scenario, the vehicle may turn at any
angular speed and at any time, causing a rotation of the GNSS antenna. As a consequence,
the received GNSS carrier-phase measurements will unavoidably contain additional carrier-
phase windup effects [35] marked as sw' in Equation (1). The receiver carrier-phase biases,
ambiguities and windup effects caused by the rotation of receiver antenna are linear
correlated with each other, which cannot be estimated separately. Thus, they are combined
together and estimated as float ambiguity parameters. Also, the receiver code bias 6b; will
be dumped to the receiver clock parameter, then Equation (1) is simplified as

Bl = pl +c(dt, — dbc) +0d; — bj + m'T + gI' + +¢(P))
. . ~ . . . ~l1 .
Li=pl +c(dt, —dts) — ol -+ miT — giI' + Ajn; +e(Li)

. . . 2)
SSRE = m'T +¢(SSRY )
SSR} = I' + ¢SSR}
with 4
~1 . . ~
Ay =+ 0w+ (3 = 0b1) /A { dt, = dt, + by 3
Hy = 1y + 0w’ + (8l — 5b1)/ Asy odj = obj — oby

where dd; means the receiver differential code bias (DCB). The unknown parameters in
Equation (2) are classified as three types
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a= [ dx dy dz dt, ody T
v =[] , 4
N ~i T
n = [ Ng1 MNgp }

Then, the corresponding matrix format of GNSS observation equations from satellite i
is derived from Equation (2) as

ai
Z'=[H, H, H,]|V|+V=HX+V, ®)
%l
in which ' T .
Z'=[pPl P, L' L, SSRL. SSRi| —pp, (6)
Xo §55R YO_TéSR Zo iZSSR 10 m’_
o . Po, Fo
XO*XISSR YO*Y§SR ZO*ZSSR 1 1
0y Po. )
1 Xo=Xssr  Yo—Yssp  Zo—=Zssr 10 i
i _ i ' -
H, = vy £o. ) S @)
XO_X'SSR YO_Y;SR ZO_ZSSR 1 0
) £ 0 ‘
0 0 0 0 0 m
i 0 0 0 0 0 O_

where (Xo, Yo, Zo) is the receiver approximate position; (X5sp, Yicr, Z5sr) is the precise
satellite position, which is calculated from SSR satellite orbit information and
ol = \/(XESR — Xo)2 + (Yigr — Yo)z + (Zisr — ZO)Z. The submatrix H., and H, are ex-
pressed as

Hy=[1 g -1 —g 0 1], ®)
. 00 A 0 0 0
H":{o 0 0 Ay 0 0} ©)
and
Vi—diag[g(P{)Z e(P) e(Li)® e(Lh)’ s(SSRiT)Z s(SSRiI)Z]. (10)
Assuming [ satellites are observed, then the GNSS observation equation is formulated
® Z=HX+V, (11)
where,
71
z=|:| (12)
7!
H H 0 0 H, 0 0
H=|: o . 0 o . o0/ (13)
H, 0o 0o H o o0 H
X=[a b ﬁr,b:[bl blf,%:[;i O ;’Z}T (14)
and

V=diag[V! ... V], (15)
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Therefore, Equation (11) is the basic GNSS observation equation in matrix format,
which will be solved by Kalman filter to determine the unknown parameters.

2.3. Prediction of Kalman Filter

Let X} be the state vector at epoch k, then the prediction of Kalman filter from epoch
k — 1 to k is described by
Xik—1 = Fie X 11 + Wi, (16)

where F and Wy mean state transition matrix and process noise. Wy follows a zero mean
multivariate normal distribution with a variance of Q;, which is written as

Q, 0 0
Q=10 Q 0]. (17)
0o 0 Q.

Assuming the sampling rate is 1 Hz, its values could be set as

52.I3,3 0 0 0
B 0 100> 0 0
Q= 0 0 0.0012 0
0 0 0 0.0012 | (18)
Qp = 001211

Q.. = 0.005% I

in which I3y3, Ij«; and Ip; o are identity matrix with dimension of 3 x 3,1 x [ and 2/ x 2l.

In a kinematic scenario, the position of the receiver changes from time to time. At each
epoch, we start with a Single Point Positioning (SPP) solution with initial receiver position
and clock offset, thus their process noise values are set as 52 and 100> m?. Based on the sta-
bility analysis of differential code bias dd, [36], we set its process noise as 0.0012 m?/second.
Due to the changing of troposphere is slower than that of ionosphere, their corresponding
process noise values are set as 0.0012 and 0.01?> m? with a sampling rate of 1 Hz. Besides,
the float ambiguity estimation contains the differential signal biases between code and
carrier-phase measurements. Although the variation in differential signal bias over a short
period is usually ignored, its minor change between the epochs is still considered here.
Moreover, the estimated float ambiguities still include the additional windup effects caused
by the rotation of receiver antenna, which may happen at any time in real-time kinematic ap-
plications and needs to be properly considered. Therefore, the process noise of ambiguities
is set as 0.005% cycle2 instead of zero. According to Equation (16), the variance-covariance
information of the predicted state is obtained as

Pyi_1 = FPi 1 Ff + Qi (19)

2.4. Update of Kalman Filter

According to Equation (11), a measurement vector Z; can be formulated as a function
of the predicted state Xy ;_; at epoch k as

Zy = HiXy—1 + Vi (20)
By solving Equation (20), the corrected solution is written as
Xy = Xgjk—1 + K (Zk - Hka\k—l)/ (21)

with Kalman gain matrix expressed as Kj

-1
K = Py H{ (HkPk\qu;? + Vk) - (22)
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The variance-covariance matrix of the solution can be obtained by

Py Py P

Py = (I - KeHi)Py—1 = | Poa Pop Py |, (23)
P~ P. P~

na nb nn

where the estimated float ambiguity and its variance-covariance matrix indicated as # and
P are used in the next step for AR.

2.5. Ambiguity Resolution

Due to the contamination of receiver signal biases, the estimated float ambiguities do
not have the integer feature. We have to remove the influence of receiver signal biases on
ambiguity estimation by differencing the ambiguities between two satellites. Given a pivot
satellite, the single-differenced ambiguities are constructed as

[ Ani’p + AswhP ]

Anll'p + ASwhP

, 24
Ani’erA(Swl’p @)

Lp ' I,
[ Ang” + AW | 5 510

where A means differencing the ambiguity estimates between two satellites and is realized
by a matrix M. Because of the additional windup effects caused by rotation of receiver

antenna in a kinematic scenario, the single-differenced ambiguities An in Equation (24)
still do not have an integer feature. Considering the additional windup effects on different
frequency bands for a specific satellite are identical, we further difference the ambiguities
between two frequency bands and construct the ambiguities as

Lp

VAnLZ
VAn = N-An = N-M-n = : , (25)
Lp
VA, iz

where V means differencing the ambiguities between two frequency bands and is realized

by a matrix N. By now, the new constructed ambiguities VA#n can be resolved to integers.
Their variance-covariance matrix is calculated as

_ T T
Qyp; =NMP-M N, (26)

VAn and Qg ,;; will be seen as two inputs of the Modified Least-squares Ambiguity
Decorrelation algorithm (MLAMDA) for AR [37,38]. The fixed failure rate is configured as
1% for ambiguity validation [39]. The successfully resolved ambiguities are denoted as

E = MLAMBDA (VA%, Q, A;), 27)

2.6. Solution with AR

The update equation of the resolved ambiguities in Kalman filter at epoch k is de-
scribed as
E = HiXi + Vi, (28)

The design matrix Hy, is described as
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Hi = [0 1)x6 Og 1«1 N-M]J, (29)
V, is the noise of resolved ambiguities and assumed as
Vi = 10720 _1) 5 1-1), (30)

By solving Equation (28), the solution with AR is formulated as
X = Xy + Ky <Ek - Hka\k)r (31)
where K is the Kalman gain matrix contributed by the resolved ambiguities,
Ky = Pk|kHIZ (Hkpk\kﬁlz + Vk) _1/ (32)
The corresponding variance-covariance of the solution with AR is written as
Py = (I — KiHy) Py, (33)

3. PPP-RTK Performances in a Static Scenario
3.1. Data Collection and Processing Strategies

To validate the PPP-RTK performances in a static scenario, we installed a JAVAD
GNSS receiver on the roof of a building at the Institute of Communications and Navigation,
German Aerospace Center (DLR), and collected data for 5 days from the 15th to 19th
of April in 2022 with a sampling rate of 1 Hz. Meanwhile, we received the SAPOS SSR
corrections through internet in real-time. The real-time SSR corrections include three parts:
(1) low rate SSR corrections with a time update rate of 30 s, containing satellite orbit,
clock and signal biases, (2) high-rate satellite clock corrections updated every 5 s, and
(3) atmospheric products updated every 30 s. These SSR corrections were determined by
SAPOS based on 19 reference stations distributed in southern Bavaria which are indicated
as black dots in Figure 2.

6°E 8°E 10°E 12°E 14°E

static station

54°N
54°N

52°N
52°N

50°N

50°N

48°N
48°N

6°E 8°E 10°E 12°E 14°E

Figure 2. Location of the static station (red dot) and distribution of the SSR network (black dots).
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Table 1 lists the data processing strategies of PPP-RTK. The data were processed by
RTFramework [40], which is designed and developed for real-time GNSS data processing
with SSR corrections. It records the time tag plus the real-time raw data-stream of GNSS
observations and SSR corrections, which can be used to repeat the real-time scenario of
GNSS data processing after the measurement campaign. The average position of daily
solutions is seen as the reference position and used to evaluate PPP-RTK performances.

Table 1. Data processing strategies of PPP-RTK.

Item

PPP-RTK Processing Strategies

Processing mode

Kinematic mode in real-time

GNSS and frequency band

GPS L1 + L2 and Galileo E1 + E5a code and phase measurements

Observation noise

0.6 m for code measurements and 0.01 cycles for carrier-phase measurements;
0.01 m for SSR tropospheric corrections and 0.05 m for ionospheric corrections

Weighting strategy

Equal weight factor for GPS and Galileo measurements and

. . . 1, elevation > 30
weight factor is defined as: 1 levation < 30°
2sin(elevation)’ eievation =

Elevation mask

15°

Ambiguities

Resolved by full and partial MLAMBDA algorithm epoch by epoch and set fix failure rate as 1%

Satellite orbit, clock and biases

Real-time SSR corrections: (1) satellite orbit, clock and signal bias corrections updated every 30 s;
(2) high-rate clock correction with an updating interval of 5 s

Atmospheric delay

Corrected with SSR corrections and estimated with other parameters

3.2. Positioning Precision and Convergence Time

The data were processed in a simulated real-time kinematic mode. Typically, the
activity of ionosphere in one day affects the PPP-RTK performance, and the ionosphere is
most active at 14:00 in local time [41]. Therefore, as an example, the PPP-RTK positioning
errors from local time 10:00 to 18:00 (GPS time 08:00 to 16:00) in the middle day (17 April)
of the measurement campaign are illustrated in Figure 3. The PPP-RTK solver was reset
and initialized at each hour to investigate the convergence time. As a comparison, the
PPP-RTK results without AR are also shown. The positioning errors of the PPP-RTK
without AR scheme in the east, north, and up directions are unstable especially at times
from 10:00 to 14:00. This is caused by the high ionospheric activities during this time, and
it can be seen from Figure 4, which presents the corresponding time series of vertical Total
Electron Content (TEC) of ionosphere at this station. The vertical TEC values are calculated
based on the global ionosphere maps from the Center for Orbit Determination in Europe
(CODE), and they are higher than 200 from 10:00 to 14:00 which consequently affects the
PPP-RTK performances.

In this case, the convergence time is defined as the positioning errors start to be within
£0.1 m and remain within £0.1 m in the sequential 180 epochs (3 min). The PPP-RTK
convergence time and its positioning precision (one sigma) after convergence are presented
in Figure 5. From Figures 3 and 5, we can see the PPP-RTK without AR need several to
ten minutes to achieve convergence in horizontal and even more than 20 min in vertical
component. However, the AR significantly reduces the convergence time. Most of the
ambiguities are resolved successfully at the first epoch and then derive precise solutions.
The fixing rate of ambiguities is 99.4% on average. The lowest fixing rate among the
8 sessions is 96.6%. For most of the hourly sessions, the convergence time is zero second in
horizontal, and in the north component the longest convergence time is 6 s for the session
starting at 8:00. Even for the up component, 5 of 8 sessions achieved a rapid convergence
of less than 6 s. After the convergence, the PPP-RTK solutions with AR typically have a
higher precision than those without AR. The precision (one sigma) of the solutions in the
east, north and up components are 0.044 m, 0.048 m and 0.068 m without AR, which are
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improved to 0.021 m, 0.032 m and 0.049 m for the solutions with AR. The session from 11:00
to 12:00 has a relatively low positioning precision after convergence. This is because only
five GPS satellites are available with SSR corrections for several minutes in this session,
thus the corresponding positioning errors during this time are relatively larger.

©® PPP-RTK without AR | ® PPP-RTK with AR

06
0.3

0.0
0.3
-06

sl

i
i
b
1

Positioning errors at east, north and up (m
o
o

p
o

=
=i

o
©
-
o
=
=
e
n
=i
w
-
~
-
(6]
L T T g W
»

o
©
-
o
-
-y
-
N
-
w
-
N
-
(6]
T g
»

—

_0-6 : 1 L 1 1 1 1 i L 1 ’ L 1 1 1
08 09 10 11 12 13 14 15
is — GPS — QGalileo |— GPS+Galileo
F 7 T T T T T T T T T T T T T T T T

= Ll
(o]

11

-
o

L] m 0 U ir T

.II. TT B s
E ."Ln" LL_nﬂ_'n—m_Ll_l T T

0 ]
08 09 10 11 12 13 14 15 16
GPS Time (hour)

L

i

[&)]

Num. of Sat.

Figure 3. PPP-RTK performance from 8:00 to 16:00 on the 17 April 2022. The PPP-RTK was reset
and completely initialized at each hour. The black and red dots in the top three panels indicate the
PPP-RTK results with and without AR, respectively.
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Figure 4. Time series of vertical TEC of ionosphere at the station from 8:00 to 16:00 on the 17 April 2022.
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Figure 5. PPP-RTK convergence time and its positioning precision (one sigma) after convergence.
The convergence time in unit of second is indicated above each vertical bar in the left panels.

This measurement campaign collected five days of data, which totally contains
120 hourly sessions and 3600 epochs per session. To clearly see the trend of position-
ing errors, the positioning errors of the 120 hourly sessions overlapped together with the
x-axis indicating the seconds of each hour, as presented on the left panels of Figure 6. For
every second, there are in principle 120 PPP-RTK results from the 120 hourly sessions. The
corresponding percentage of positioning errors within +0.1 m at each second is presented
on the right panels of Figure 6, and for the solutions without AR it takes 843, 883 and 1315 s
on east, north and up components when the percentages reach up to 90%. However, for
the solutions with AR, 94.1% (113 sessions) of the 120 sessions successfully resolved the
ambiguity at the first epoch. Meanwhile, at the first epoch 89.1% (107 sessions) and 92.5%
(111 sessions) of the 120 sessions have positioning errors less than 10 cm in the east and
north directions. As for the up component, the convergence time is longer than that in
horizontal. As a summary, using the SSR corrections generated based on a local GNSS
network, more than 90% of the PPP-RTK sessions can realize an instant AR and achieve a
rapid convergence in horizontal within few seconds.
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1-0E """" \ """"""""""""""""""" EastlP R R 3 100 §

| 1 175§

£ o lso &
=] {25 3
° E E| T
% T bbb IIIIIIIH6HHIHO E
5 1'0E Northif s rirhing] o s
2 |2 175 &
5 f 1 &
hi F {50 o
5 : 125 §
3 bbbl g 3
2 10 20 30 40 50 g
£ 1.0 gy Ty R a7 100 o
5 A ™ e 5
= ~ :75 [S)
8 M 150 $
a 3 E
25 §

i g

eupbgpbmd o ool ot o i

9020 10 20 30 40 50
Time (minutes) Time (minutes)

Figure 6. Overlapped positioning errors of the 120 hourly sessions (left panels), and the correspond-
ing percentages of positioning errors within 0.1 m for each second (right panels).
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4. Real-Time PPP-RTK Applications for Vehicle Transportation

In the applications of vehicle transportation, people are more interested in the per-
formance of PPP-RTK in horizontal components than the vertical component. Thus, the
positioning performances in horizontal are mainly analyzed. This section names the so-
lutions with successful AR as fixed solution, otherwise float solutions. First, it introduces
the measurement campaign on highway; Second, it evaluates the horizontal positioning
performances, then presents statistics of the time required to achieve AR and convergence.

4.1. Measurement Campaign

The measurement bus and Positioning, Navigation and Timing (PNT) unit are shown
in Figure 7. Two geodetic GNSS antennas, named as left and right antennas, were mounted
on the bus and connected with a JAVAD Delta and a JAVAD Triumph receiver, respectively.
The PNT unit was installed inside the car and responsible for decoding the received SSR
corrections and computing PPP-RTK solutions in real-time. The SAPOS SSR corrections
were determined based on a network of 19 reference stations distributed in northern
Bavaria, as shown in Figure 8. The measurement campaign was carried out on 30 June 2021
from Hilpoltstein to Berlin in Germany.

Measurement bus

PNT unit

-
Right antenna Left antenna

Figure 8. Trajectory of the measurement campaign from Hilpoltstein to Berlin in Germany. The
19 black dots form the SSR network. The four red dots indicate four RTK base stations used to
calculate RTK reference solutions. The four black circles centered on the RTK base stations have a
radius of 20 km.
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The data processing strategies of PPP-RTK refer to Table 1. To evaluate and analyze the
PPP-RTK performances, as a reference, we calculated RTK solutions of the rover receiver
based on four RTK base stations shown in Figure 8. Among the four RTK base stations,
HILP is a base station at the starting point in Hilpoltstein. HOF] is chosen from EUREF
Permanent GNSS Network (EPN) and LEI], POTS are both from International GNSS Service
(IGS) stations. RTK typically requires the baseline length between rover receiver and base
station not being longer than 20 km. Therefore, the RTK solutions are restricted to a
distance within 20 km of the RTK base stations. The RTK reference solutions are computed
by RTKLib [42] in a post-processing mode with the processing strategies presented in
Table 2. Taking the left antenna as an example, the PPP-RTK solutions are compared with
the RTK solutions in following.

Table 2. Processing strategies of RTK.

Item

RTK Processing Strategies

Processing mode

Kinematic mode in post-processing

GNSS and frequency band

GPS L1 + L2 and Galileo E1 + E5a code and phase measurements

Observation noise

The ratio between code and carrier-phase measurements is 100

Weighting strategy

Elevation dependent: a + L, where a = 0.002, b = 0.002

sin(elev)

Elevation mask

15°

Ambiguities

Use LAMBDA resolving the ambiguities with a ratio test of 2.0

Satellite orbit, clock, biases

Final orbit and clock products from CODE, the signal biases are eliminated in double
differenced observations

Atmospheric delay

Significantly reduced and ignored in double differenced observations

4.2. Positioning Precision

The positioning errors of PPP-RTK with respect to RTK solutions for the two sessions
of HILP and HOFJ are plotted in Figure 9. The corresponding Geometric Dilution of
Precision (GDOP) values and available satellites are illustrated in the panels of the third
and fourth rows of Figure 9. From 10:00:00 to 10:04:35 the bus was in a static mode, the
positioning errors in the north and east are lower than 0.1 m. The bus departed at 10:04:35
and drove on the local road from 10:04:35 to the time of passing through the first bridge at
10:12:00. There are a lot of trees on each side of the local road, where only satellites with an
elevation higher than 30 degrees are available, as illustrated in Figure 10, and only 6 GPS
and 3 Galileo satellites were available. Limited by the available satellites and affected by
the trees alongside the local road, the positioning errors were larger than 10 cm especially
in the north component from 10:04:25 to 10:12:00. From then on, the bus drove on the
highway. The satellite visibility of the receiver on the highway is better than that on the
local road. The standard deviations of positioning errors in east and north are 0.129 m
and 0.171 m during session HILP, and they are 0.033 m and 0.058 m during session HOF]J.
The PPP-RTK performance in session HOFJ is better than that in session HILP, because
the satellite visibility of the receiver in session HOF] is better than that in session HILP.
Only 55.9% of the GDOP values are lower than 2 for the session HILP, while it is 93.3% for
session HOF]J. The bus passed through many bridges on the highway. Because the GNSS
signals are interrupted by the bridges, the positioning errors are becoming large just before
and after the bridge passages.
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Figure 9. Horizontal positioning errors of PPP-RTK compared to the RTK solutions for the two
sessions of HILP and HOF]J. The vertical black lines indicate the time of bridge passages. The GDOP

values and available satellites are plotted in the panels of the third and fourth rows.
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Figure 10. Sky plot of satellites, location of the bus and its surrounding environment at 10:08:00.
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The positioning errors of PPP-RTK compared with RTK solutions for the two sessions
of LEIJ and POTS are shown in Figure 11. Because the regions of LEI] and POTS are roughly
100 km and 200 km away from the coverage of SSR network as plotted in Figure 8, the
standard deviations of the positioning errors for the two sessions LEI] and POTS are higher
than that of session HOEF]J. The standard deviations in east and north components are
0.070 m and 0.081 m for session LEIJ, and they are 0.055 m and 0.078 m for session POTS.
This proves that, even though the application area is far away from the coverage of GNSS
network, the SSR corrections can still be well applied for a high-precision PPP-RTK. By
observing the GDOP values on the highway for the sessions LEI] and POTS in Figure 11
and HOFJ] and HILP (from 10:12:00 to 10:20:36) in Figure 9, we can observe the GDOP
values are normally lower than two, except for the time when passing through bridges,
and the positioning errors are large when the GDOP values are high, especially during the
bus passing through a bridge. Following this, the PPP-RTK convergence after each bridge
passage will be assessed.
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Figure 11. Horizontal positioning errors of PPP-RTK compared to the RTK solutions for the two
sessions of LEIJ and POTS. The vertical black lines indicate the time of bridge passages. The GDOP
values and available satellites are plotted in the panels of the third and fourth rows.

4.3. Convergence Time

Normal and complicated scenarios of PPP-RTK solutions over the bridge passages
are shown in Figure 12. In the normal scenario, the GNSS signals were mostly interrupted
when the bus was under a bridge. After the bridge passage, the GNSS signals were still
affected by the bridge within a short moment, only five GPS satellites and one Galileo
satellite were observed. Because one Galileo satellite cannot construct the single-differenced
ambiguities between two satellites, consequently one Galileo satellite does not contribute to
the PPP-RTK solutions. Thus, only five GPS satellites were available in the sky-plot of the
first epoch after the bridge passage. Due to poor satellite visibility of the vehicle, AR failed
in the three epochs after the bridge passage. Until the fourth epoch, the satellite visibility
of the vehicle became better because of more available Galileo satellites, and PPP-RTK
fixed solutions were obtained. With regard to the complicated scenario in Figure 12, the
bus passed through three bridges consecutively within a short time. After the first and
third bridge passages, the receiver took 1 or 2 s to re-track the satellites. Then, there were
more than seven available satellites, and AR succeeded after one float solution. However,
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there were five float solutions during the second passage. This is because satellite visibility
of the vehicle for the second passage is worse than those of the first and third passages,
which can be seen from the sky-plots of the three passages in the right subplot of Figure 12.
Therefore, after passing bridges the satellite visibility and available satellites affect the time
of achieving AR.

—GPS  [— Galleo |— GPS+Galleo — GPS | — Galleo |— GPSsGalileo

20 PPP-RTK failed RS TPPPRTK failed Fg20
B e e e e [l [ e B 115
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< ! 3

N

sy

T

Figure 12. A normal (a) and a complicated (b) scenario of bridge passages. The top panels show the
observed satellites during the bridge passages indicated as grey background. The sky plots show the
available satellites with an elevation higher than 15°, where the blue and green dots denote GPS and

Galileo satellites, respectively.

In the four sessions of HILP, HOFJ, LEIJ and POTS, the bus crossed 53 bridges in total.
The time statistics of achieving AR after these bridge passages are shown in Figure 13. The
time interval of PPP-RTK solutions in this kinematic scenario is 0.5 s, and 3 of 53 (5.7%)
cases realized AR immediately. Following this, 31 cases (58.5%) obtained the PPP-RTK
fixed solutions with 0.5 s, and 48 cases (90.6%) achieved AR within 2 s. Only 1 case took
longer than 2.5 s to achieve AR.

100
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60
28

Percentage(%)

40

20

0=00 05 10 15 20 25 30

Convergence time (second)
Figure 13. Time statistics of achieving AR for 53 bridge passages, the gray colors indicate the
cumulative histogram with a sampling interval 0.5 s, the red color means the histogram at each time
and the number above the red bar is the counts of samples realized AR at this time.
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The overlapped positioning errors of maximum 60 s after each bridge passage are
plotted in Figure 14. For the cases that the bus passed through more than 1 bridge within
60 s, for example in the right subplot of Figure 12, only the positioning errors of 5 s
(10 epochs) after the first bridge passage and 3.5 s (7 epochs) after the second bridge
passage were considered in Figure 14. The PPP-RTK solutions are usually interrupted and
initialized again after crossing the bridges. Thus, at the beginning of bridge passages, there
were some float solutions with large errors. PPP-RTK rapidly realized AR within 1 s in
79.3% of the cases. Affected by the traffic signs, trees and some other infrastructures on the
highway, some jump errors are also observed in Figure 14.
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Figure 14. Overlapped positioning errors of maximum 60 s after each bridge passage. The red and
black dots denote the PPP-RTK float and fixed solutions, respectively.

In our approach, PPP-RTK starts to derive solutions when there are at least six available
GPS and Galileo satellites or five GPS satellites if only GPS is available. The bus may pass
through several bridges within 3 min in kinematic scenarios, which can be seen from
Figures 9 and 11. Thus, the convergence time after a bridge passage in this section is
defined as the positioning errors start to be within £0.1 m and remain within £0.1 m in the
sequential 5 epochs (2.5 s) instead of 180 epochs (3 min), as we defined in Section 3. There
are several cases where the epochs with available PPP-RTK solutions between two bridges
passage are less than 20 (10 s). For example, in the right subplot of Figure 12, the number of
epochs with available PPP-RTK solutions between the first and second bridge is 10 (5 s),
and between the second and third bridge is 7 (3.5 s). Because the time is too short, these
cases are ignored in the statistical analysis of the convergence time and 3 of the 53 cases are
excluded in total. The statistics of convergence time after 50 bridge passages are plotted in
Figure 15. Among the 50 cases, the PPP-RTK realized convergence immediately in 2 cases.
In 38 of 50 cases, the PPP-RTK convergence time in east and north components is within
2s. In 92% (46/50) and 94% (47/50) of the cases, PPP-RTK converged within 5 s in the east
and north components, respectively. There are only 2 cases with convergence times longer
than 10 s.
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Figure 15. Convergence time after 50 bridge passages. The x-axis indicates the convergence time and
y-axis indicates the percentage of 50 bridge passages that achieved convergence.
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5. Conclusions and Outlooks

With the support of real-time SSR corrections provided by SAPOS, we developed a
PPP-RTK approach, which resolves the double-differenced ambiguities between satellites
and frequency bands to integers, realizing PPP-RTK with instant AR and rapid convergence
of several seconds. The PPP-RTK performances are evaluated under different scenarios. In
an open area of a static scenario, more than 90% of PPP-RTK solutions can realize an instant
AR and achieve precise positioning (less than 0.1 m) in horizontal within 2 s. In a kinematic
scenario of vehicle transportation, the PPP-RTK performances on the highway are mainly
analyzed. The positioning precision on the highway are normally better than 0.1 m except
for the time of passing bridges, because the PPP-RTK solver will be interrupted by several
seconds and initialize again. After the bridge passages, more than 90% of the cases realized
AR within 2 s. We analyzed the PPP-RTK convergence over 50 bridge passages. It showed
that 92% and 94% of the cases achieved PPP-RTK convergence within 5 s in the east and
north directions, respectively. PPP-RTK with a precision of 0.1 m and rapid convergence of
several seconds benefits the precise navigation in transportation, which will support the
development of autonomous driving in the future.

Considering the complexities of precise navigation in real-time kinematic scenarios,
PPP-RTK is still facing many challenges:

e  Continuity: GNSS provides continuous positioning information in an open area but
faces challenges in confined scenarios under bridges and in urban areas. Close-range
sensors, such as LIDAR/RADAR, work perfectly in these confined scenarios, but faces
challenges in an open area where no clear boundaries of infrastructures are visible. In
addition, IMU is an independent sensor which provides precise navigation informa-
tion within a short time when GNSS is unavailable. Therefore, the complementary
use of GNSS, close-range sensors and IMU will definitely enhance the capability of
continuous navigation in harsh environments.

e  Reliability: GNSS signals are susceptible to interference in harsh environments. On
one hand, limited by satellite visibility, the PPP-RTK solutions are unreliable. Thus,
multi-constellation GNSS PPP-RTK is necessary. On the other hand, multipath signals
are unavoidable and affect the reliability of the PPP-RTK. Overcoming multipath
effects in harsh environments still needs further research.

e Integrity: real-time PPP-RTK applied for autonomous driving is a safety and liability
critical application. Thus, the rigorous integrity concept of the GNSS PPP-RTK is
definitely required. But the integrity monitoring algorithms developed in the aviation
domain cannot be transported directly into autonomous driving applications. The
modified integrity monitoring algorithm for GNSS PPP-RTK needs to be investigated.
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