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Abstract

Integrity monitoring for precise point positioning is critical for safety-related applications. With the increasing
demands of high-accuracy autonomous navigation for unmanned ground and aerial vehicles, the integrity moni-
toring method of high-precision positioning has become an essential requirement. While high precision Global
Navigation Satellite Systems (GNSS) positioning is widely used in such applications, there are still many difficulties in
the integrity monitoring method for the multi-frequency multi-GNSS undifferenced and uncombined Precise Point
Positioning (PPP). The main difficulties are caused by using the measurements of multiple epochs in PPP. Based on
the baseline Multiple Hypothesis Solution Separation (MHSS) Advanced Receiver Autonomous Integrity Monitoring
(ARAIM) algorithm, this paper discusses the feasibility of the pseudorange-based baseline ARAIM method on the
single-epoch PPP based on Real-Time Kinematic (RTK) networks (PPP-RTK) framework to overcome these difficul-
ties. In addition, a new scheme is proposed to transfer the conventional PPP process into the single-epoch PPP-RTK
framework. The simulation results using the proposed model are analyzed in this study. The Protection Levels (PLs)
estimated by PPP Wide-lane Ambiguity Resolution (PPP-WAR) model with regional corrections can reach the meter
level and the PLs estimated by PPP Ambiguity Resolution (PPP-AR) and PPP-RTK models are usually the sub-meter
level. Given a horizontal Alert Limit (AL) of 1.5 m, the global coverage of availability above 99.9% for PPP-WAR, PPP-AR,
and PPP-RTK can reach 92.6%, 99.4%, and 99.7% respectively. The results using real kinematic data also show that tight

positioning

PLs can be achieved when the observation conditions are good.
Keywords Integrity monitoring, Precise point positioning, Multi-GNSS, Ambiguity resolution, Single-epoch

Introduction

With the rapid development of intelligent transport
systems including autonomous driving, the require-
ments for Global Navigation Satellite Systems (GNSS)
related integrity monitoring are significantly increas-
ing. Integrity monitoring provides important informa-
tion including Protection Levels (PLs) which is critical
to determine the availability of the GNSS positioning
results. When PLs exceed the predefined Alert Limits
(ALs), the GNSS positioning results will be considered
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unreliable, so it is essential to be used in providing
safety-related services. Traditional Receiver Autono-
mous Integrity Monitoring (RAIM) and Advanced
Receiver Autonomous Integrity Monitoring (ARAIM)
is designed for aeronautical users and are relatively
mature (GEAS, 2010; Working Group C, 2016). How-
ever, they are designed for Least Squares (LS) and use
(smoothed) pseudorange-based GNSS positioning
named as Single Point Positioning (SPP) which has usu-
ally low accuracy and large PLs (Blanch et al., 2015).
It is obvious that they cannot meet the demands of
high-accuracy applications (Reid et al., 2019). In recent
years, Precise Point Positioning (PPP) services includ-
ing the precise clock, ephemeris, or even ambiguity
resolution enabled biases and regional atmospheric
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corrections are developing significantly. Based on these
products, PPP uses not only pseudoranges but also car-
rier phases for positioning which can generate high
precision for localization attributed to the small noise
of carrier phase. Nevertheless, the integrity monitoring
scheme for PPP is still not mature enough and under
investigation. The ARAIM method can be considered
as an extension to RAIM method which includes the
probability of faults in the assumptions. In ARAIM the-
ory, fault detection, exclusion, and PL estimation can
be computed based on different statistics approaches,
e.g., Multiple Hypothesis Solution Separation (MHSS),
chi-square test, and data snooping. Since it has been
shown that MHSS can generate a tighter bound for PLs
(Gunning et al., 2018), in this study, we mainly focus on
the MHSS-based ARAIM method.

There are many differences between SPP and PPP that
prevent the baseline MHSS ARAIM method directly
used in PPP. Since the carrier phases contain integer
ambiguities, PPP uses the observations at many epochs
to estimate the position. This will increase the faults
that need to be monitored because the faults in previ-
ous epochs may also result in integrity risks at the cur-
rent epoch (Blanch et al., 2020). In the current research,
some authors assumed that all the faults at previous
epochs were perfectly removed (El-Mowafy & Kubo,
2020; Wang et al., 2020); however, it is still an inevitable
risk in real applications. Gunning et al. (2018) run multi-
ple parallel Kalman Filters (KFs) for different subsets to
monitor faults. This method is theoretically equivalent to
implementing the conventional MHSS ARAIM method
using full LS where faults are grouped by each satellite
in a period. Considering that any faults in the same satel-
lite during the period will be considered as a fault event
(Gunning et al., 2018), this will lead to a high probabil-
ity of fault and finally result in a large number of subsets
and severe computational burden, unless the fault rate
is very low. Meanwhile, time-correlated errors may exist
in the multiple epochs of measurements, which may not
be considered in the nominal error model (Zhang et al.,
2023).

Such time-correlated errors may be considered to
reduce the probabilities of detected faults caused by
them; thus, extra parameters following a first-order
Gauss-Markov process are added to model the time-cor-
related errors (Racelis & Joerger, 2020). This method can
solve the existing issues of time-correlated errors in dual-
frequency float PPP to some extent; nevertheless, it is
more complex in multi-frequency or undifferenced mod-
els or PPP ambiguity-fixed scenarios. This is because the
time-correlated errors may be both frequency-dependent
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and frequency-independent and temporal correlations
may not follow the first-order Gauss-Markov process.

Considering that these problems are mainly caused by
using measurements from previous epochs based on the
banks of KFs (Zhang et al., 2023), it is, therefore, reason-
able thinking to find an applicable strategy that avoids
using the measurements of the previous epochs for PPP
integrity monitoring. Inspired by the research of instan-
taneous PPP (Geng & Guo, 2020; Geng et al., 2019; Lau-
richesse & Banville, 2018), only fixed ambiguities and
measurements at this epoch can be used to estimate the
positions with strong model strength. An integrity moni-
toring scheme can be designed under the single-epoch
PPP Real-Time Kinematic (RTK) framework to reduce
the number of simultaneous faults and avoid involving
the temporal correlations between measurements of dif-
ferent epochs because only measurements of this epoch
are used in the estimator. In this contribution, we study
the ARAIM method for the PPP model under the single-
epoch PPP-RTK framework which only uses the observa-
tions at a single epoch. For real single epoch models, the
ARAIM method can be easily implemented, and for the
models not achievable in real single epoch solutions, a
scheme is also proposed to implement under this frame-
work. A filter can be processed as the conventional PPP-
Ambiguity Resolution (PPP-AR) or PPP-RTK model, and
the ambiguity resolution results of this parallel filter can
be processed with the observations at the current epoch
as pseudo-single-epoch PPP-RTK to estimate the PLs.
In addition, fault models are analyzed and discussed.
Besides, global performance with different scenarios is
also investigated based on the simulation results com-
puted by the precise satellite ephemeris to present the
potential of this scheme.

Models and methods

Baseline MHSS ARAIM method

In the MHSS ARAIM framework for the LS, the first
step is to determine the maximum number of the simul-

taneously monitored event of faults based on the given
threshold.

min = [P(Nnumber of events > Nmax—event)]
Nmax—event (1)
= Punmonitored < Pthrehold
where P(x) is the notation of probability; Pyyrehold is

the predefined threshold for unmonitored probabilities;
Nmax - event is the maximum number of simultaneous
faults that need to be monitored.

The details for computing the unmonitored probabili-
ties can refer to Blanch et al. (2012). When the number of
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simultaneous monitored events of faults is estimated, the
subsets of fault events can be generated with the prob-
ability of each subset. Some subsets that cannot be used
to compute the position should be also filtered out in this
step (Working Group C, 2016). Besides, the optimization
method of monitored subsets can also be implemented to
improve the performance at this stage (Meng et al., 2019).
This method will remove some of the subsets which have
small probabilities and make the probabilities of unmoni-
tored faults close but not exceed the threshold of the
probabilities of unmonitored faults.

Then the results of subset solutions and all-in-view
solutions can be solved by the LS which yields:

-1
20 = (AT W<’<>A) ATwr @)

W=R"! 3)

where (x)®) is the notation of the k th subsets and 0 indi-
cates the all-in-view solution; R is the variance—covari-
ance matrix of measurements; A is the design matrix
based on satellite geometry; [ is the observation minus
computation (O-C) vector and X is the estimated results.

The variance—covariance matrix for the estimated
parameters is written as:

-1
RrRY — (ATW(k>A) )
X

Based on the results for the subsets and all-in-view
solutions, the MHSS approach can be implemented for
fault detection and exclusion with the estimated thresh-
olds as (Blanch et al., 2012):

Tk,q = I<FA,q (k)USS,q (5)
k) _2 k) _2 0) 2
( )GSS,q — ( )Gq _( )Uq (6)
Kent = Kgpo = Q1 ( LFAHorizontal 7
FA,1 FA,2 4N
P, )
I(FA,g _ Q_1< FA2\]f\e[rtlcal> (8)

where Ty, is the threshold of the Solution Separation
Test (SST); k represents the k th subsets and O represents
the all-in-view solution; g = 1, 2, 3 indicate the estimated
coordinates in the east, north, and vertical directions,
respectively, in the local coordinate system; o2 is the vari-
ance of the estimated unknown which can be extracted
from the variance—covariance matrix of estimated
results; Q~!(p) is the quantile of the standard normal
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distribution for (1 — p); PrA_vertical a0d PFA_Horizontal are
the given false alarm probabilities (expected continuity
risks) in the vertical and horizontal directions, respec-
tively; N is the number of subsets.

The absolute value of the difference between subset
solutions x,(]k) and all-in-view solutions x,(IO) will be used
for fault detection, it is considered containing faults when

k 0
’x;‘) - x; ) ’ > Tiyq (9)
The PL is defined as:
Zp(aposition error > OPLtest passed)P(sfault occurance) < DPHMI
(10)
which can be further derived as:

N
ZP(”C — &| > SpLegeqim; )P(H;) < Denvi - (11)

i=0

where x and x are the state and all-in-view estimated
state; H; is the hypothesis i; and Q2 is the measurement
region based on the test statistics. Except for the Gauss-
ian noise, nominal biases are also considered to exist
in the fault-tolerant model (Blanch et al., 2012). It can
be easy to understand that the largest impact caused
by these nominal biases will happen when they have
the same sign for projecting to the estimated positions,
which yields:

(12)

b nominal

b = ‘(ATW“)A)_IATW(“

where Dyominal is the largest scale of nominal bias vector
and % is the vectors of the largest impact caused by the
nominal biases. An upper bound of PL can be computed
using the half interval search for the g component as
(Blanch et al., 2012):

apL =6\ X (ap, — T — b©
{2Q<PL«»8> +>_Q| T | PH) = Desa
i=0 q

(13)

where Q is the cumulative distribution function of the
standard normal distribution.

GNSS models

For multi-frequency multi-constellation GNSS process-
ing, the linearized pseudorange and carrier phase obser-
vations can be expressed as:

E(P})) =05 + Gla + c(dtrys — dr°)

S S S (14)
+ brsysj — b} + M3Z, + I3
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E(LS,J) =08 + GSuy + c(dtysys — dEF)
+2(
+ M2,

(15)

N,f,j + Br,sys,}' - Bj)

= il

where PS and L ; j represent the measurements of pseudor-
ange and carrier phase observations on frequency j for the
respective satellite s and receiver r pair respectively; E(x)
denotes the expectation operator, G is the unit vectors
matrix from the receiver to the satellite and u, is the position
increments from estimated positions to the linearized point;
sys identify the constellation; (¥ p$ is the distance between
respective satellite and receiver pair; (Vp$ and dt are the
speed of light and time offsets respectively; /; is the wave-
length on frequency j and Nif,/' is the integer ambiguity; by sys,j
and bf denote the hardware on receiver end and satellite end,
respectively; B sysjand B; denote the phase delay on receiver
end and satellite end, respectively; Z, is the zenith tropo-
spheric delay and M; is the mapping function from zenith to
slant direction; u; is the frequency—dependentzscaling coeffi-

cients from frequency 1 to j which equals to ﬁ and I; repre-
2

sent the ionospheric delay at the first frequency. It is assumed
that other biases are priorly corrected by models.

It is clear that the receiver clock, satellite biases, receiver
biases, integer ambiguities, satellite phase biases, and
receiver phase biases are linearly dependent; thus, they can-
not be solved simultaneously. Therefore, they are usually
lumped as new parameters with the full rank which yields:

E(IA)}S,J) :Giur + Cdfr,sys - Cdfj + Z’"’SYSJ

SR (16)
—_ b] + MrZ}" + I’L/[r,l

E(ii}) = Gyuy + cdiysys — cd; + ANS + MZ, — Wil

(17)
— 0
Py=Py="p;
B=15 - O

Cdtr,sys = Cdtr,sys + br,sys,IF
=
cdt; = cdt]-s + b

_ 0 (=2
br,sys,j = { £ P ;

br.sys,j - Mjﬁbr’,sys,GF - br,sys,IF (] > ])

0(j=2)

b = i
T B — b (j > 2)
] i~ Mg fz
;LjN = A} + A} r,sys,IF + b, ,sys,IF + ijz f2 by »sys,GF
7B — bfp " f{ 2V
Irs 1= IS fzf 7z by ,sys,GF — fz f2 bsc-;F
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where df, sys and dt are receiver and satellite clock off-
set absorbed part of biases respectively; b, sys,j and b are
Inter-Frequency (IF) Clock Biases (CBs) for receiver and
satellite respectively; ;| are the new ionospheric delays
and N 5. is the new amblgultles absorbed the rest of the
blases

From Eq. (18), we can therefore notice that the newly
grouped ambiguity parameters lost their integer nature
because they are contaminated by the satellite and
receiver biases. As a result, these biases should be solved
before ambiguity resolutions. For satellite-respect biases,
they can be estimated by the Uncalibrated Phase Delay
(UPD) method (Ge et al., 2008) or Integer Recovery
Clock (IRC) method/ Decoupled Satellite Clock (DSC)
method (Collins, 2008; Collins et al., 2008; Laurich-
esse et al,, 2009; Loyer et al., 2012). It has been proven
that UPD and IRC methods are theoretically equivalent.
When the hardware bias is available, these UPDs or IRCs
can be recovered into undifferenced fractional parts to
correct the grouped ambiguity parameters for eliminat-
ing the impact of satellite biases.

E(IA),S«J) = Giur + Cdzr,sys + Er,sys,j + M,S«Zr + iji,l

(19)
E(L3)) = Gl + cdlrgys + 4N, + MiZ, = T,
(20)
Cdzr,sys = Cdtr,sys + br,sys,IF
0 U=2)

l;r Sys,)j — 13 :
Y] br,sys,j - Mjﬁbr,sys,GF - br,sys,IF j=>2
i )
N /5
ANy = 2N} + 2By sysj + brsysF + 14 ffifzz brsys,GF
f22 b
f12 — fzz r,sys,GF

Nrs,1 = Ii 1T
(21)
Uncombined PPP-RTK models can also refer to other
studies using a regional network (e.g., Zhang et al., 2011,
2019). For the receiver-respect biases, it can be noticed
that they are identical for the signals in the same con-
stellation with the same frequency. Therefore, these
fractional parts caused by receiver-respect biases could
be eliminated by single-differencing or selecting datum
methods. These two methods are also theoretically equiv-
alent, and in this study, the single-differencing method is
used which yields:
5P wd P q Pq
N,;=N,;=N,; =N, =N, (22)
where (%)7 is the notation of the reference satellite and
(*)? is the notation of other normal satellites. (x)?7 is the
notation of between-satellite differencing.
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Meanwhile, directly fixing all ambiguities at the same
time will be difficult, because the wavelength is relatively
small compared to the pseudorange noise. Therefore,
ambiguities are usually fixed sequentially in Extra-Wide-
Lane (EWL), Wide-Lane (WL), and Narrow-Lane (NL)
order, which yields:

pq pq Pq
{ Nr,\X/L = Nr,Z - Nr,l (23)
pq bq pq
Nr,E\X/L,j = Nr,j - Nr,2
With NL:
/4
N = Np (24)

where Nf gL’ Nfi %(,L, ij %WL,/‘ ‘are‘t‘he between‘—satellite dif-
ferenced NL, WL, EWL ambiguities, respectively.

Thus, the single-differenced original ambiguities can be
written as:

(1 o

Pq _ AsPd pq rq
Nr,j - Nr,l + Nr,\X/L + Nr,E\X/L,j
Except for the raw GNSS observations, regional atmos-

pheric corrections and tropospheric corrections can be
also used to improve the performance of PPP-RTK.

Zy = Zr,interpolate (26)
TP _ P9
IV 1= Ir,interpolate (27)

where (%), interpolate 1S the regional correction interpolated
at the user’s location.

Different processing methods based on GNSS observations
and corrections

Since the ARAIM scheme is applicable for a least squares
estimator for integrity monitoring where measurements
may have faults. Therefore, it will be also applicable for
the single-epoch PPP-RTK positioning using the least
squares, with pseudoranges, carrier phases, and the iono-
spheric and tropospheric corrections as pseudo-meas-
urements. In the framework of single-epoch processing,

Table 1 Measurements used in different positioning models

Methods Measurements

SPP (19)

PPP-WAR (19) (20) (21)

PPP-WAR with atmospheric corrections (19) (20) (23) (26) (27)
PPP-AR (19) (20) (23) (24)
PPP-RTK (19) (20) (23) (24) (26) (27)
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the difference between different positioning models is
only the use of different types of measurements. Meas-
urements including both observations and pseudo-
observations in different models including SPP, PPP
Wide-lane Ambiguity Resolution (PPP-WAR), PPP-WAR
with atmospheric corrections which can also be consid-
ered as PPP-RTK only fixing WL ambiguities, PPP-AR,
and PPP-RTK are listed in Table 1.

These models can be used for different scenarios. For
example, PPP-WAR has been proven to be achievable in
real instantaneous (single-epoch) positioning (Geng &
Guo, 2020; Geng et al., 2019). However, PPP-AR is dif-
ficult to achieve if only single-epoch observations are
available. Even Laurichesse and Banville (2018) have
some experimental results in single-epoch PPP-AR
based on a small-scale network for two systems, no other
research has been seen to achieve conventional PPP-
AR in a single epoch. While some results showed that it
can in achieved after a few epochs (Tao et al.,, 2022). It is
encouraging that the PPP-AR might be achievable in the
future with the increase of model strength in both geom-
etry and frequencies.

In this study, this framework only aims at monitoring
the integrity of the positioning results. Therefore, there is
no necessity to achieve real single-epoch ambiguity fixing
in the application. A filter is used to process as the con-
ventional PPP-AR or PPP-RTK model and ambiguities
fixing information can be obtained by this conventional
PPP-AR or PPP-RTK filter. This ambiguity-fixing infor-
mation can be considered as additional corrections and
be used in the parallel single-epoch PPP-AR or PPP-RTK
estimator which is similar to the fix and hold strategy in
ambiguity fixing. The flowchart shown in Fig. 1 presents
an applicable scheme for the results that cannot be pro-
cessed in a real single-epoch solution. When ambiguities
are not fixed, this model can be downgraded to single-
epoch PPP-WAR if only wide-lane ambiguities are fixed
or even SPP.

Fault models
In the traditional MHSS ARAIM method for SPP, only
real GNSS observations are involved in fault events.
When it comes to PPP-WAR or even PPP-RTK, more
faults may exist in the newly involved measurements
including pseudo-measurements for fixed ambiguities
and atmospheric corrections. Therefore, it is necessary to
define a more general fault event model in this scenario.
Meanwhile, from Eq. (22-27), it can be noticed the
reference satellite and other satellites are distinct in
these measurements which is different from SPP. The
effects of single-differencing mainly include implement-
ing ionospheric corrections and ambiguity resolution. To
solve this issue, we assume that the fault events for these
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Fig. 1 Scheme for conventional PPP-RTK to single-epoch PPP-RTK
framework

single-differenced measurements still exist in the undif-
ferenced measurements. This means that the subsets
for excluding the reference satellite will generate single-
differenced measurements with a new reference satellite
because single-differencing measurements can be written
as all undifferenced measurements with an extra random
term, which yields:

(= (O = G & GOy —E = ) (28)

where £ is the extra random term. It is obvious that one
more measurement and one more unknown are added in
this transformation.

Table 2 Fault models for different measurements
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Considering that all measurements may contain faults,
in this study, fault events including but not limited to the
satellite-related fault and constellation fault in the tradi-
tional ARAIM are illustrated based on the observation
and pseudo-observation types. Therefore, the fault mod-
els under this framework can be summarized in Table 2.

In this study, the risks of incorrect ambiguity fixing are
considered as ignorable. While this assumption is widely
used in existing studies (Jokinen et al., 2013a; Jokinen
et al., 2013b; Feng et al., 2014; Wang et al., 2020; Wang
et al. 2022; Gao et al., 2021), the effects of wrong ambigu-
ity fixing on the protection level computations are ana-
lyzed in Sect“Effects of fault probabilities on protection
level computations”.

Numerical experiment

Experimental settings

To evaluate the performance of the proposed methods
for these different models with ARAIM methods, we
reveal the most ideal performance results globally. In this
simulation, all ambiguities are considered fixed, all satel-
lites are observed, and corrections are always available.
User positions are simulated with a variation of 10 by 10
degrees based on the precise orbit products on the Day
of the Year (DOY) 01 in 2022 and the time step is set to
300s.

Before the implementation, stochastic models, fault
probabilities, PHMI, and false alarm rates should be
defined priorly. Based on the existing research (Blanch
et al, 2015; Racelis & Joerger, 2020; Wang et al., 2022;
Working Group C, 2016), these parameters are set as in
Table 3. It is worth mentioning that nominal biases and
standard deviations of uncombined observations are still
under investigation, we use a conservative setting which
is usually used for IF combinations for them. IF combina-
tion will amplify the noise with the combination (Richert
and EI-Sheimy, 2007), and thus, if uncombined observa-
tions and IF combinations share the same level of noise,
it means the stochastic model for uncombined obser-
vations is more conservative. Priority probabilities and
stochastic models for PPP-RTK will vary with different
augmentation systems, different working environments
and even different receivers, so they still need further

Fault events Descriptions Name for fault Affected
probability measurements
(group methods)
Satellite-related fault Prior fault probability of satellite per approach Psat (19) (20)
Constellation fault Prior fault probability of constellation per approach Peonst, (19) (20)
lonospheric correction fault Prior fault probability of ionospheric correction per approach Piono,i (26)
Tropospheric correction fault Prior fault probability of tropospheric correction per approach Pirop (27)
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Table 3 List of processing parameters Table 4 GNSS simulation configuration

Parameters Value GPS signals L1/L2/L5

Psat, 1x107° Galileo signals E1/E5a/E6

Peonst; 1% 10-8 BDS signals B1/B2/B3

Piono, 1%x10°5 Cut off angle 15°

Ptrop 1x107°

OURE,pseudorange Tm . . .

OUREphase 1/100x corrections. Figure 2 presents the estimated PLs for

UURE}OHO 006 m SPP and PPP-WAR respectively. Based on the Alert

UURE'UOD 003 m Limit (AL) with Vertical AL (VAL) of 40 m and Hori-

Bnominal (pseudorange and phase 3/4% oune zontal AL (I—FAL.).(?f 35 m by ]TPVTZOO (DeCleene,

Pt recholc 6 x 10-8 2006), the availabilities are shown in Fig. 3 for SPP and
resno

Devim 1x1077 PPP.,WAR: .

5 _ 5 109 It is noticed that PLs estimated by these two meth-
Pritihorizontat * . ods reach tens of meters. Even though the PPP-WAR

Detivt vrica 9810 method has significant improvement compared to the

. -6 . .
Praverical 3910 SPP method, results are still not very ideal. As men-
PEanorizontal 09 x 107/ tioned before, this is because the undifferenced sto-

research for real implementation. In addition, at the PPP-
RTK user end, preprocessing and quality control section
can easily remove a large part of potential faults in these
sections; thus, the priority probabilities vary with differ-
ent processing strategies.

In the traditional ARAIM assumption for (smoothed)
pseudorange-based positioning, faults of satellites and
constellations are considered as independent by using the
nominal error model for considering both noise and bias
(Working Group C, 2016).

Considering that we aim to investigate the performance
of multiple-frequency multiple-GNSS, we simulate tri-
ple-frequency observations for Global Positioning System
(GPS), Galileo navigation satellite system (Galileo), and
BeiDou Navigation Satellite System (BDS). The Geosta-
tionary Earth Orbit (GEO) satellites of BDS are removed
from the simulation and Block IIR satellites for GPS only
have dual-frequency signals. Meanwhile, it has been
proven that using different third frequencies can result in
a different performance in convergence and instantane-
ous PPP (Li et al., 2014). This is because of the different
wavelengths and different noise amplification caused by
the coefficient related to the wavelength. In addition, to
make the simulation close to the real situation, a higher
cut-off angle is used in the study. The details are shown
in Table 4.

Numerical analysis for ideal performances

First, the SPP and PPP-WAR methods are analyzed
because they are recognized to be achievable under
real single-epoch conditions without using regional

chastic models are defined based on the widely-used IF
stochastic model and a relatively high cut-off angle. It
is obvious that the performance can be improved if a
more optimistic assumption is used.

Since the PPP-WAR is considered to be achievable
in a real single-epoch solution even without regional
atmospheric correction, it will only be easier to achieve
when regional atmospheric corrections are available.
PLs for PPP-WAR with regional atmospheric correc-
tions are shown in Fig. 4. It is noticed that they are
mainly at meter level which is close to the requirements
in intelligent transport systems. In autonomous driv-
ing, ALs are usually determined by the longitudinal and
lateral direction; however, this requires attitude infor-
mation which is not available in this experiment. Thus,
HAL is set to 1.5 m based on the square root of the
sum of squared longitudinal and lateral ALs for free-
ways (Reid et al., 2019) to assess the availability of this
method which is also shown in Fig. 4.

It is noticed that this method can achieve a high
availability based on the requirements. In addition, we
can notice that in the overall PHMI and the allocated
PHMI to the horizontal and the vertical direction in
Table 3. Most of the PHMI budgets are allocated to the
vertical direction. This is because the integrity setting
is designed for aviation propose (Blanch et al.,, 2015). If
we allocate more budgets to the horizontal directions
for autonomous driving purposes because the informa-
tion on horizontal directions for autonomous driving
is more important, the HPL can decrease with the cur-
rent results and finally improve the availability of this
requirement.

Different from the models mentioned before, the
PPP-AR and PPP-RTK models are rarely achievable in
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real single-epoch performance. These two models have
the most accurate solutions because NL ambiguities are
fixed into integers. Figure 5 Shows the PLs estimated
by the PPP-AR and PPP-RTK models. In most areas,
the PLs can even achieve a sub-meter level, and usually
meet most of the requirements.

Availability is also assessed based on the aforemen-
tioned criteria shown in Fig. 6. These two models can
achieve the similar performance and high availabilities
with and without regional atmospheric corrections.
This does not represent that atmospheric correction

is not important because atmospheric corrections can
significantly improve the speed of ambiguity-fixing;
thus, it is still very critical for positioning.

Kinematic test results

Moreover, in addition to the simulation results, real
kinematic datasets were also processed to present the
results under the single-epoch framework. These 1 Hz
kinematic car-borne datasets were collected in Aus-
tralia. The details of working environments and trajec-
tories are presented in Fig. 7. Atmospheric corrections
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are generated by the nearby reference stations with a
lower-order surface model as used by Li et al. (2021).
Since some ambiguities were not fixed in the real
processing and some satellites were not tracked by the
rover, the geometry and model strength are therefore
not as strong as the simulation. The results of Position-
ing Errors (PEs) of using PPP-WAR model with regional
atmospheric corrections, PPP-AR model and PPP-RTK
model for these three datasets are illustrated in Figs. 8, 9,
10 respectively. It can be noticed that the PLs estimated
by the PPP-WAR model with regional atmospheric

VPL (m) - 99.9%

o

Latitude (°)

|
)]
o

Latitude (°)
o

|
n
o

-100 0
Longitude (°)

corrections can reach a few meters in horizontal direc-
tion. The PLs in horizontal directions estimated by the
PPP-AR model are in the magnitude of one meter and
the PLs in horizontal directions estimated by the PPP-
RTK method could reach sub-meter level. At the same
time, the positioning errors of PPP-AR and PPP-RTK are
at the centimeter level, and PPP-WAR model with atmos-
pheric corrections can reach ten-centimeter level. The
magnitude of estimated PL is larger than the positioning
errors so that it can protect the positioning error exceed-
ing the estimated PLs. In these cases, all position errors
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Fig. 7 Trajectories of three kinematic experiment datasets

are properly bounded by the estimated PLs. These case
studies demonstrate that this proposed new integrity
monitoring method can generate a tight bound in hori-
zontal directions with good observation conditions.

Effects of fault probabilities on protection level
computations

Considering the probabilities of different faults are dif-
ferent depending on the different applications, in this
section, the effects of different fault probabilities are

also investigated. In the previous assumptions, the risks
of incorrect ambiguity fixing are ignored therefore, the
small probability of incorrect ambiguity fixing is also
considered as an unmonitored fault in the case study of
the single-epoch PPP-RTK. The probability of incorrect
ambiguity fixing with 1078 is tested and the results of the
second dataset taken as an example are shown in Fig. 11.
It is noticed that the effect is very small (at a few centim-
eter level).
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Moreover, if the probability of incorrect ambiguity fix-
ing increases to 1077, this method with the same settings
is not applicable because the probability of unmonitored
faults cannot exceed the PHMI budget. Therefore, in the
additional case study below, the PHMI budget is defined
as 107 while the allocation ratios in three directions and
other settings are the same as the baseline settings used
above. The variations in the protection levels after con-
sidering the effect of incorrect ambiguity fixing for three
single-epoch PPP positioning scenarios are presented in
Fig. 12 and it can be noticed that the effects are still very
small.

In addition, the effects of different fault probabilities
are investigated with different values based on the base-
line settings in Table 3. The estimated PLs of different
fault probabilities are presented in Table 5.

It can be noticed that the probabilities of satellite-
related faults, constellation faults, and ionospheric
correction faults may have significant effects on the
estimated PLs in three directions. Differently, the prob-
abilities of tropospheric correction fault will only have
significant effects on the estimated vertical PLs. This is

because the tropospheric delay parameter is highly cor-
related with the vertical direction parameter.

While this study focuses on the new integrity moni-
toring scheme for the single-epoch PPP-RTK position-
ing scenarios, which can use different probabilities of
various faults properly, the probabilities of these faults
under various observing conditions will be investi-
gated in the future. Such studies need to collect a large
amount of GNSS data sets from real-world application
environments.

Summary

The main and most difficult problem of the baseline
MHSS ARAIM method used in PPP is mainly caused by
multiple epoch observations used in conventional PPP
processing. To address this issue, based on the baseline
MHSS ARAIM method, we propose a new single epoch
PPP-RTK-based scheme for implementation.

This study first discusses the baseline MHSS ARAIM
theory and implementation scheme and then analyzes
the feasibility of this method based on the single-epoch
PPP-RTK framework. At the same time, it presents a
practical scheme of the method for models that cannot
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be achieved in a real single-epoch process. This scheme
treats the ambiguity-fixing information obtained by con-
ventional PPP as external corrections that may contain
faults and use it in the single-epoch PPP-RTK framework.

For analyzing the potential of ARAIM performance
under the single-epoch PPP-RTK framework, ARAIM
performances for different single-epoch positioning

models are simulated based on real satellite positions.
The results show that the PLs obtained by the SPP, and
PPP-WAR methods are in the order of ten meters based
on this method. The PPP-WAR method with regional
atmospheric correction can reach the meter level. For
PPP-AR and PPP-RTK models, PLs can usually reach
the sub-meter level. This presents the potential of the

Table 5 Median values of estimated PLs (meters) for different fault probabilities

Item Results of PPP-WAR with regional Results of Results of PPP-AR in Results of PPP-RTK in different
atmospheric corrections in different different directions directions
directions
East (E) North (N) Up (U) direction East (E) North (N) Up (U) direction East (E) North (N) Up (U) direction
direction direction direction direction direction direction
Baseline settings 0.75 1.98 492 0.36 0.96 2.64 0.27 0.70 147
Psri=1x107% 110 2.05 5.09 042 1.00 291 039 0.72 1.51
Psari=1x 1076 070 092 492 0.26 035 243 023 0.30 146
Peonsti = 1 X 10~/ 082 216 493 0.38 1.03 4.10 0.29 0.75 147
Peonsti = 1 x 107° 0.71 095 492 027 037 262 024 033 146
Pionoy = 1 x 1074 1.10 2.05 5.09 036 0.96 264 027 0.72 1.51
Piono; = 1 x 1076 0.70 092 492 036 0.96 264 024 032 146
Propj = 1 % 10> 075 1.98 533 0.36 0.96 2.64 0.27 0.70 1.59
Pyopi = 1x 1077 075 198 424 036 096 264 027 0.70 1.28




Zhang and Wang Satellite Navigation

(2023) 4:10

® Protection levels (PLs)

® Position errors (PEs)

ES E3 -

| i — .

o o o 9 .

he] k] A

c c . K]

© . © 1 . T q

L ° L H of

g o 2000 4000 8 o 2000 4000
Time (s) Time (s)

E 5 E 3 T

a’ g

ko] ko) 2 L

C c

© 3 u(j 1 . Y

w » - ..

o ‘%M o - - : 'boA

20 2000 4000 20 2000 4000
Time (s) Time (s)

€10 € 10

g /_\;; A ] :

2 ' XU : (¥

o o = i

) o)

0 2000 4000 0 2000 4000

Time (s) Time (s)

North PE and PL (m) East PE and PL (m)

Up PE and PL (m)

3
2

1

10

0

Page 13 of 15

2000 4000
Time (s)

2

2000 4000
Time (s)

‘-"—:3,3'3-\.:

)
K]
i

2000 4000
Time (s)

Fig. 10 Performance of the third kinematic dataset for PPP-WAR model with regional atmospheric corrections (left), PPP-AR model (middle), and

PPP-RTK model (right)

E 0.1

c

kel

©

2 s

© .

2 TR O S -~ S .

kS e T e ' e - — P PR {

0 1000 2000 1000 2000 0 1000 2000

Time (s) Time (s) Time (s)

g 0.1

c

i)

©

g

= r .

A . < — -

‘%’ -‘.-un- e

Z 0 1000 2000 0 1000 2000 0 1000 2000
Time (s) Time (s) Time (s)

~ 0.1

E :

5 . P~ i

S [k —— £ .

< -a"’,'z — .-".o- .~ - s

'g_ a'ifl'i_- ~ e b3 ..F ~ < e

)

0 1000 2000 0 1000 2000 0 1000 2000

Time (s) Time (s) Time (s)

Fig. 11 Variations in the protection levels of the second kinematic dataset for PPP-WAR model with regional atmospheric corrections (left), PPP-AR
model (middle), and PPP-RTK model (right) after considering the small probability of incorrect ambiguity fixing (with 1078)



Zhang and Wang Satellite Navigation (2023) 4:10 Page 14 of 15
E 0.1
c
K]
©
2
=
k)
[ - .
Ll 'y 'y - el S L I S
0 1000 2000 0 1000 2000 0 1000 2000
Time (s) Time (s) Time (s)
E 01
c
R
©
Q
=
<
b= .
§ —_— e, o = Ly
0 1000 2000 0 1000 2000 0 1000 2000
Time (s) Time (s) Time (s)
E
c
9
k3] .
g o -
-g- '.:'L- . o an e .
=) = . L2us N
0 1000 2000 0 1000 2000 O 1000 2000
Time (s) Time (s) Time (s)

Fig. 12 Variations in the protection levels of the second kinematic dataset for PPP-WAR model with regional atmospheric corrections (left), PPP-AR
model (middle), and PPP-RTK model (right) after considering the small probability of incorrect ambiguity fixing (with 1 x 107

method based on the single-epoch PPP-RTK frame-
work in autonomous navigation in the future. Based on
the AL of 1.5 m in the horizontal direction, PPP-AR,
PPP-RTK or even PPP-WAR with regional corrections
have the potential to achieve very high availability for
the areas with open sky.
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