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With the introduction of global navigation satellite systems (GNSSs) in aviation, there has
been increased dependency on GNSS position. Multi-constellation GNSS services and
equipment will remain a solution for many aircraft positions in safety. Multi-constellation
GNSS can improve robustness and navigation performance. Therefore, advanced receiver
autonomous integrity monitoring (advanced RAIM or ARAIM) technology is being
developed as an augmentation method for GNSS users under multi-constellation.
ARAIM can allow increased service level globally and provide vertical guidance during
the approach phase for aircrafts. Since the traditional ARAIM algorithm uses the average
allocation strategy to allocate integrity and continuity risk, an allocation approach based on
the particle swarm optimization (PSO) algorithm is presented in this article. Different
allocation strategies for integrity and continuity risk are chosen as different particles,
and the weighted sum of vertical protection level corresponding to different fault subsets is
selected as the fitness function to optimize the allocation strategy and the corresponding
VPL. Based on real GNSS data, the ARAIM algorithm under multi-constellation is analyzed.
The experimental results demonstrate that the integrity and continuity risk allocation
method based on the proposed algorithm optimizes the VPL and improves the global
availability of ARAIM under multi-constellation.

Keywords: global navigation satellite system (GNSS), advanced RAIM, vertical protection level (VPL), availability
analysis, particle swarm optimization (PSO) algorithm

1 INTRODUCTION

With the development technologies and GNSS (Yi et al., 2022), the receiver autonomous integrity
monitoring algorithm (RAIM) can provide aviation users with integrity monitoring in a non-
precision approach phase under a single satellite navigation constellation and single fault (Wang
et al., 2020). Integrity is a measure of trust that is used to determine whether the positing results
provided by the navigation system is correct (Zhai et al., 2019b; Zhai et al.,2019c). The advanced
receiver autonomous integrity monitoring (ARAIM) algorithm was proposed in the GNSS
Evolutionary Architecture Study (GEAS) report which was developed to provide localizer
precision with vertical guidance down to 200 feet altitude (LPV-200) for worldwide aircraft
landing navigation (Blanch et al., 2012). ARAIM is an extension of the existing RAIM by
adding more elements for the airborne integrity monitoring (Meng et al., 2019). The ARAIM
receiver can receive navigation signals from multi-GNSS systems, and according to the integrity
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support message (ISM) provided by ground monitoring stations,
the fault subsets to be monitored and the probability of the
corresponding monitoring subset are determined. The position
estimation and integrity boundary of each subset are calculated by
user segment, so the fault measurement value is identified and
eliminated, and the protection level of the positioning solution is
obtained (Bang et al.,2018; Bang et al.,2020;Wang E et al., 2020). At
present, the research onARAIM is focused onmeeting the need for
localizer performance with vertical guidance down to 200
feet altitude. (Joerger and Pervan, 2016; Joerger and Pervan, 2020)

Multi-constellation integrated navigation can improve the
availability of ARAIM under LPV-200. At present, some
scholars have proposed the ARAIM algorithm based on the
combination of the BeiDou Navigation Satellite System (BDS),
Galileo, and global positioning system (GPS) to improve the
availability of ARAIM under LPV-200 navigation service. The
current multipath error model in the ARAIM algorithm is based
on data of GPS medium Earth orbit (MEO) satellites. The BDS
constellation is different from the GPS; a BDS GEO satellite
multipath effect for GNSS integrity monitoring in civil aviation is
analyzed. The results show that the current error model in the
ARAIM algorithm is no longer able to conservatively estimate the
statistical characteristics of GEO satellites (Chang et al., 2021). To
characterize BDS signal-in-space performance, some scholars
provided a data-driven SISRE evaluation scheme by evaluating
the overabounding user range accuracy (URA) and the prior fault
probability to, respectively, capture the nominal and anomalous
SIS behaviors (Wang E. et al., 2021). Zhai et al. (2019a) provided a
novel integrity monitoring scheme by establishing the
mechanism for determining the exclusion subset based on the
projection magnitudes, and the results show that the new fault
detection and exclusion (FDE) scheme can efficiently exclude the
faulty satellites. Bang and Milner (2021) provided a new method
by conducting H-ARAIM availability simulations, and examined
the impact of the modified risk allocation on the existing fault
detection and exclusion algorithm. Bang et al. (2018) studied the
impact of the ARAIM fault detection test and the time correlation
of position error on the probability of hazardously misleading
information (PHMI), and proposed a method to estimate the
actual PHMI within a given time interval to improve the
availability of ARAIM. Zhao et al. (2020) provided a new
method that establishes a direct relationship between mean
estimation error and RB (residual-based) test statistic non-
centrality parameter. The results show that the new method is
about 6.9% higher than the SS-ARAIM. El-Mowafy and Yang.
(2016) used real data to analyze ARAIM availability by collecting
from 60 stations across Australia. Some scholars analyzed the
influence of satellite geometrical distribution on integrity,
reduced integrity risks under the premise of ensuring
continuity risks, and analyzed the availability of ARAIM (Sun
et al., 2015). These improvements optimize protection levels to
some extent and improve the availability of ARAIM. In addition,
the VPL is affected by the probability of hazardously misleading
Information (PHMI) and probability of false alarm (PFA). In the
traditional ARAIM algorithm, PHMI and PFA are evenly
distributed to each fault subset. The different distributions of
satellite orbit and different constellations will contribute to the

positioning error; the average allocation strategy will affect the
VPL and does not guarantee the optimal VPL. To solve this
problem, some scholars studied the allocation of PHMI and PFA
in the ARAIM algorithm, and then proposed an allocation
method among the fault modes to obtain the minimum
protection level per satellite geometry (Zhang et al., 2020). The
availability of the ARAIM algorithm based on PHMI and PFA
assignment problem was researched, and PHMI and PFA are
evenly allocated to all fault subsets in the ARAIM algorithms
(Working Group C, EU-U.S, 2016).

However, each fault subset of PHMI and PFA will affect the
corresponding VPL. In this article, the PSO algorithm is
combined with the PHMI and PFA allocation process. By
optimizing the VPL, the proposed algorithm is analyzed and
verified on the global VPL and availability of ARAIM based on
multi-constellation GNSSs. The detailed processes of the
proposed algorithm are provided. The results show that the
optimized allocation method can optimize the VPL in
different phases of aviation navigation and improve the global
availability of ARAIM based on dual-constellation and multi-
constellation GNSSs.

2 PROBLEM DESCRIPTION

ARAIM aims to realize global service with LPV-200 performance.
The performance requirements for the LPV-200 service used to
evaluate the availability of ARAIM are in line with the literature
(Working Group C EU-U.S, 2017). The availability of ARAIM
can be improved by optimizing the VPL.

Vertical Protection Level Calculation
Method
The traditional ARAIM algorithm calculates the protection level
(PL) according to the integrity requirements of the navigation
system during the different flight phases. The VPL calculation
based on the multiple hypothesis solution separation (MHSS)
algorithm can be expressed as (Kropp et al., 2014):

VPL � max(VPL0, VPLk) (1)
where VPLk is the VPL corresponding to the fault subset k and
k � 0 is the VPL corresponding to the fault-free subset (Blanch
et al., 2014):

VPL0 � Kmd,0 × σv,0 + ∑Nsat

i�1
|S0(3, i)| × bnom,i (2)

VPLk � Dk + Kmd,k × σv,k + ∑Nsat

i�1
|Sk(3, i)| × bnom,i (3)

where S0 is the weighted least-squares projection matrix of the
fault-free subset, Sk is the weighted least-squares matrix of the k
fault subset, bnom,i is the maximum standard deviation of the
satellite i used to evaluate the integrity, and Dk is the detection
threshold corresponding to the k fault subset (Mei et al., 2017),
expressed as:
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Dk � Kfa,k × σdv,k + ∑Nsat

i�1
|△Sk(3, i)| × bcont,i (4)

△Sk � Sk − S0 (5)
where

S0 � (GTWG)−1GTW (6)
Sk � (GTMkWG)−1GTMkW (7)

G is the observation matrix andMk is the identity matrix that
the k − th diagonal element is zeros. W is the weighting matrix,
and bcont,i is the maximum standard deviation of the satellite i
used to evaluate accuracy and continuity. In Eqs 2–4, σv,0, σv,k,
and σdv,k are the standard deviations of the detection statistics of
the corresponding fault subset in the vertical direction, where

σv,0 �
����������(GWGT)−13,3√

σv,k �
������������(GTMkWG)−13,3√

σdv,k �
�������������(ΔSkW−1ΔSTk )3,3√ (8)

The basic ARAIM algorithm uses the method of average
allocation to allocate the coefficients. The continuity risk
probability and integrity risk are evenly allocated to all
satellites. Kmd,k and Kfa,k are determined by PHMI and PFA,
expressed as follows:

Kfa,0 � 0

Kfa,k � −Q−1(PFA
Nset

)
Kmd,0 � −Q−1( PHMI

2(Nset + 1))
Kmd,k � −Q−1( PHMI

Psat,i(Nset + 1))

(9)

where Q is the cumulative probability density function at the tail
of standard normal distribution and Nset is the number of fault
subsets; PFA is the average allocated to each fault subset in the
traditional ARAIM algorithm, and the continuity risk is not
assigned with no fault. Therefore, Kfa,0 � 0. According to Eq.
1, the VPL is determined by the maximum function, and the
average distribution of PHMI and PFA is not the optimal
distribution strategy. According to Eq. 3, the VPL can be
reduced by optimizing continuity risk PFA and integrity
risk PHMI.

Allocating Probability of Hazardously
Misleading Information and Probability of
False Alarm Based on the Particle Swarm
Optimization Algorithm
1) Selection of Fitness Function
According to Eqs 1–9, the calculation method of the VPL
corresponding to fault subset k can be expressed as follows:

VPLk � −Q−1(PFA
Nset

) × σdv,k + (
− Q−1( PHMI

Psat,i(Nset + 1)) × σv,k) + ∑Nsat

i�1
|Sk(3, i)| × bnom,i

+ ∑Nsat

i�1
|△Sk(3, i)| × bcont,i

(10)
When the PSO algorithm is combined with the allocation

process of PHMI and PFA, a reasonable optimization objective,
fitness function, should be selected. According to the above Eq.
10, the VPL is selected as the optimization target, and the
integrity and continuity risk assigned to each fault subset are
taken as the optimization parameters. The optimization targets
are set as follows:

min max(VPLk(PHMIk, Pfak))
s · t ·

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∑Nset

k�1
PHMI,k ≤PHMI

∑Nset

k�1
Pfa,k ≤Pfa

(11)

where PHMI,k is the integrity risk assigned to the fault subset k
and Pfa,k is the continuity risk assigned to the fault subset k.
Ideally, the VPL corresponding to each fault subset is the same.
Therefore, the calculation of the optimization objective can be
expressed as follows:

VPL � minVPLk(k � 0, ..., Nset) (12)
Definition:

Dk � ∑Nsat

i�1
|Sk(3, i)| × bnom,i + ∑Nsat

i�1
|△Sk(3, i)| × bcont,i (13)

Therefore, the VPL corresponding to each fault subset is
expressed as:

VPLk � Kfa,k × σdv,k + Kmd,k × σv,k +Dk (14)
In order to obtain a unique solution, according to the multi-

objective optimization theory, transforming multi-objective
optimization into single-objective optimization, and the
weighted sum of VPLk is taken as the optimization objective:

min F

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fk � ∑Nset

k�0
gk × VPLk

gk � (σdv,k + σv,k)
∑Nset

k�0 σdv,k + ∑Nset

k�0
σv,k

VPLk � Kfa,k × σdv,k +Kmd,k × σv,k +Dk

(15)
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2) PHMI and PFA Allocation Optimization Method
The PSO algorithm is introduced into the allocation process of
integrity and continuity risk; the detailed steps are as follows:

Step 1. Initialize the algorithm parameters;

Step 2. Form the initial population; according to the number of
fault subsetsNset, generateM groups’ random number, both from
0 to PHMI and from 0 to PFA, and form the initial
population G0m:

G0m � [PHMIm0, PHMIm1, ... , PHMImNset

0 , Pfam1 , Pfam2, ..., PfamNset

] (16)

where m = 1, . . . , M,M is the number of populations, and there
exists:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
∑Nset

k�0
PHMI,mk ≤PHMI

∑Nset

k�1
Pfa,mk ≤Pfa

(17)

Step 3. Calculate fitness function: according to the fitness
function min F selected above, each particle in the initial
population is substituted into the fitness function, and the
fitness value corresponding to each particle is calculated, and
the particle position with the minimum fitness value is set as the
initial global optimal position gbest, and then the position of each
particle itself is set as the initial individual position pbestm. The
updated velocity of the particle is as shown in Eq. 18, and the
updated position of the particles is as shown in Eq. 19.

vm(t + 1) � ωvm(t) + c1r1(pbestm − xm(t)) + c2r2(gbest
− xm(t)) (18)
xm(t + 1) � xm(t) + vm(t + 1) (19)

where ω is the inertia weight factor, c1 and c2 are the positive
acceleration constants, r1 and r2 are the random number of the
average distribution between 0 and 1, and vm represents the
moving speed of the m particle.

The selection of parameter values affects the performance of
the PSO algorithm. Based on the research of Shi and Cler et al.,
many simulation experiments are carried out. The PSO algorithm
parameters are set up: the population particle size M = 50; the
maximum iteration times Mt � 50; the acceleration coefficient
c1 � c2 � 1.2, the maximum particle moving speed vmax� 4, and
the minimum moving speed vmin � −1; and the inertia weight
factor is introduced into the adaptive value as Eq. 20.

ω � ωmax − (ωmax − ωmin) t

Mt
(20)

where t is the number of iterations and pbestm and gbestm are the
maximum and minimum inertia coefficients, respectively.

Step 4. Iterative updating: by judging the individual optimal value
of each particle in the initial iteration, the individual optimal

position pbestm passed by each particle and the global optimal
position gbest in the population are determined during each
iteration (Wang S. Z. et al., 2021). Each particle gets the gbest and
pbestm according to the last iteration, updates its own position
and velocity based on Eqs 18–20, then the algorithm calculates
the fitness value corresponding to the updated position until the
conditions of each particle are met, and the optimized allocation
strategy and VPL are obtained.

EXPERIMENTAL RESULTS AND ANALYSIS

In order to verify the performance of the algorithm, BDS/GPS
dual-constellation was first adopted, and the simulation time was
3 h. Three groups of parameters are set within the range for ISM
parameters, as shown in Table 1. As for the prior probabilities
Psat and Pconst, their work is based on GPS commitment and
observation of historical data. The satellite fault probability and
the constellation fault probability are deduced by massive data. In
this section, it was decided to vary the probability of fault between
10−4 and 10−5 to show the impact on the fault modes and
associated performance. Global availability of ARAIM coverage
is expressed as the percentage of total users with a service
availability ratio of more than 99.5% during the simulation
period.

For the area covered by ARAIM, the ratio of the available time
of ARAIM to the total simulation time is used to make the
contour plot. Under three groups of parameters, the global VPL
and availability of ARAIM between the traditional PHMI and
PFA allocation and PSO-based PHMI and PFA allocation
method are shown in Figures 1–3.

Figures 1–3 show the global VPL and availability of ARAIM
between the traditional method and optimized method by BDS/
GPS dual-constellations under different ISM parameters. Each set
of results on the left corresponds to the traditional allocation
method in every figure’s (a) and (b); the other side corresponds to
the proposed optimization algorithm. As can be seen from
Figures 1 and 4, in the traditional allocation method, the VPL
of some ARAIM user areas is greater than VAL. However, in the
optimized algorithm, the VPL of the corresponding part of the
area is optimized to be less than VAL tomeet the LPV-200 service
requirement. For example, in Figure 1A, the area near the prime
meridian and below 60°S; in Figure 2A, the area near 20–60°S and
0–100°E; and in Figure 3A, the area near 20–60°S and 0–100°W.
Analyzing the availability of ARAIM corresponding to the above
region can lead to the conclusion that the larger the VPL

TABLE 1 | ISM parameter settings.

Group Constellation psat pconst bcont bnom σURA σURE

1 GPS 10–5 10–8 0 3/4 1 2/3
BDS 10–4 10–8 0 3/4 1 2/3

2 GPS 10–4 10–8 0 3/4 1 2/3
BDS 10–5 10–8 0 3/4 1 2/3

3 GPS 10–5 10–8 0 3/4 3/2 1
BDS 10–4 10–8 0 3/4 1 2/3
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corresponding to the traditional allocation method, the more
obviously the algorithm proposed optimizes the VPL, and the
more obvious the improvement in the ARAIM availability
coverage in the corresponding region. Therefore, the
optimization algorithm can reduce the VPL of the ARAIM
user area and improve the availability of ARAIM coverage in
the corresponding area. Table 2 compares the global availability
of ARAIM corresponding to the two allocation methods under
four groups of parameters.

Table 2 and Figures 1–3 show that the optimized allocation
method can improve the global availability coverage of ARAIM.
The VPL is larger, so the optimization effect of the algorithm will
be better. If the availability of ARAIM becomes higher and higher,
the optimization effect of the improved algorithm will become
smaller. The traditional MHSS ARAIM algorithm uses the

average allocation method to allocate the probability of PHMI
and PFA to each satellite. This traditional allocation mode is
deduced by the GPS constellation model, and the GPS
constellation satellites fault rate is low and constellation
distribution is uniform. The calculated VPL shows little
difference by various fault assumptions; the method can be
used to calculate average distribution probability, and the
result will not be affected by great error. However, for the
multi-constellation GNSS based on BDS, the characteristics of
the BDS constellation are different from those of the GPS
constellation, and the allocation of the BDS constellation is
not uniform. It is different from the GPS constellation
dominated by medium Earth orbit (MEO) satellites. The BDS
constellation is composed of three kinds of orbits including GEO,
MEO, and IGSO. The BDS satellites are distributed in three

FIGURE 1 | Global VPL and ARAIM global availability under the first set of parameters. (A) Global VPL corresponding to the two allocation methods under the first
set of parameters. (B) Global availability of ARAIM corresponding to the two allocation methods under the first set of parameters.

FIGURE 2 | Global VPL and ARAIM global availability under the second set of parameters (A) Global VPL corresponding to the two allocation methods under the
second set of parameters. (B) Global availability of ARAIM corresponding to the two allocation methods under the second set of parameters.
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different orbits. Therefore, different BDS satellites contribute to
different positioning errors. Due to the differences in the
geometric configuration and constellation of each satellite, it
will lead to some extreme assumptions which will have a
serious impact on the results while using the average
allocation strategy. As a result, it will lead to an excessive VPL
and reduce the availability of global ARAIM. In the traditional
average allocation of PHMI, PHMI is allocated to each fault

subset evenly. Therefore, the final total PHMI rate is always equal
to the pre-allocated PHMI risk rate, and the maximum VPL is
taken as the upper limit of protection level in the subset and limit
of the user availability of ARAIM. However, the allocation
methods of PHMI and PFA based on the PSO algorithm
regard different risk allocation strategies as different particles,
and the weighted sum of the VPL corresponding to the fault
subset is taken as the optimization objective function to establish
different optimal allocation strategies. Therefore, different PHMI
and PFA are allocated to different satellites, and the actual total
PHMI and PFA are reduced as much as possible so as to improve
the availability of ARAIM algorithm by reducing the VPL. Using
the average allocation algorithm, the integrity risk and continuity
risk are equally allocated to each fault subset, and the maximum
VPL in the subset is taken as the upper limit of the VPL, which
limits the ARAIM availability. However, PHMI and PFA are
constructed as particle populations by using a PSO optimization

FIGURE 3 |Global VPL and ARAIM global availability under the third set of parameters. (A)Global VPL corresponding to the two allocation methods under the third
set of parameters. (B) Global availability of ARAIM corresponding to the two allocation methods under the third set of parameters.

FIGURE 4 | VPL under different constellation numbers before optimization.

TABLE 2 |Global availability comparison between the traditional algorithm and the
optimized algorithm.

Group Traditional algorithm (%) Optimized algorithm (%)

1 90.77 92.44
2 92.10 93.49
3 77.62 79.40
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allocation strategy. PHMI and PFA were allocated to different
satellites by the particle swarm optimization algorithm, total
PHMI and PFA were reduced, and the ARAIM availability
was improved by reducing the VPL. Meanwhile, Table 2 and
Figures 1–3 show that within the appropriate range of ISM
parameters, different satellite fault probabilities and URA have
different effects on the global availability of ARAIM. Satellite fault
probability has little influence on the global availability of
ARAIM, and URA has a great influence on the availability of
ARAIM.

MULTI-CONSTELLATION ADVANCED
RECEIVER AUTONOMOUS INTEGRITY
MONITORING AVAILABILITY ANALYSIS
The above section introduced the availability of the BDS/GPS
dual-constellation VPL and ARAIM based on the PSO algorithm.
The results show that the PHMI and PFA allocation scheme
based on the PSO algorithm can achieve the purpose of
optimizing the dual-constellation VPL and improve the
availability of dual-constellation ARAIM. However, there are
currently four-constellation operations to provide navigation
services for aviation users, and the ARAIM algorithm with
more than two constellations should be given priority
consideration. In addition, the integrity requirements of
different precision approach phases are different. Therefore,

based on the ARAIM algorithm under more than two
constellations, this section discusses the integrity requirements
of different navigation areas and analyzes the availability of
ARAIM under different allocation schemes for three
constellations and four constellations under different integrity
requirements (Li et al., 2017). The GEAS report showed that
ARAIM TSG aims to realize ARAIM on the basis of dual-

frequency (Liu et al., 2022; Li et al., 2020). Combined with the
above reports and the literature (Blanch et al., 2015), according to
the baseline ARAIM algorithm, the ISM parameters
corresponding to BDS, GPS, GLONASS, and Galileo
constellations are set within an appropriate range, as shown in
Table 3. The different constellations are set, according to
statistics, to the number of faults per year with 1-h mean time
to alert (MTTA) by the ground segment. The VPL and the
availability of the integrity algorithm under different
constellation numbers are verified.

Figures 5 and 6 simulate the integrity algorithm according to
the integrity requirements at different phases, and analyze the
relationship between the constellation number and the VPL.

The results of the analysis in Figure 5 show that the addition of
constellations with GPS-equivalent performance to the
traditional integrity algorithm significantly reduces the VPL of
the integrity algorithm. When there are four constellations, VAL
can achieve a high coverage rate of up to 15 m. But the results of
the four constellations show that this method is still inadequate to
meet the precise 10-m VAL required by CAT-I. Figure 6 shows
the VPL of the integrity algorithm optimized based on the PSO
algorithm. Compared with the global average VPL value in the
same constellation combination system, PHMI and PFA
allocation schemes based on the PSO algorithm reduced the
global average VPL by about 0.3 m in the BDS + GPS
combination; in the case of BDS/GPS/Galileo, PHMI and PFA
allocation strategies based on the PSO algorithm reduced the

TABLE 3 | ISM parameter settings of each constellation.

Constellation/ISM psat pcont bcont bnom σURA σURE

BDS 10–4 10–4 0 1 1.2 4/5
GPS 10–5 10–4 0 3/4 1 2/3
Galileo 10–5 10–4 0 3/4 1 2/3
GLONASS 10–4 10–3 0 1 1.2 4/5

FIGURE 5 | VPL under different constellation numbers after optimization.
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global VPL by about 1 m. In BDS/GPS/Galileo/GLONASS, the
PHMI and PFA sub-strategies based on the PSO algorithm reduce
the VPL by about 0.5 m. In conclusion, PHMI and PFA allocation
schemes based on the PSO algorithm can still achieve the
optimization of the VPL in the case of different constellation
combinations. As the number of constellations increases, the
number of satellites increases gradually, and the VPL of multiple
constellations decreases gradually.

4.1 Availability Analysis of the
Multi-Constellation Global Navigation
Satellite System’s Integrity Monitoring
Algorithm
In order to further verify the impact of the PHMI and PFA
allocation scheme based on the PSO algorithm on the availability
of the integrity algorithm under the combined system, this section
discusses the integrity algorithm simulation analysis based on the
integrity requirements of the different phases. During the vertical
guidance approach phase and precision approach phases, which
refers to the traditional PHMI before optimization and PFA
scheme, the optimized means PHMI and PFA allocation
scheme based on the PSO algorithm. For different allocation
schemes, Figures 6–10 show the availability of the integrity
algorithm before and after optimization for different
constellation combinations under different phases and
different integrity requirements. Among them, 1) when the
vertical alert limit (VAL) = 15 m, the availability coverage rate
before and after dual-constellation and three-constellation
optimization is 0%; 2) when the vertical alarm limit (VAL) =
20 m, the availability coverage rate before and after dual-
constellation optimization is 0%; 3) when the vertical alert

limit (VAL) = 35 m, the availability coverage rate of the
integrity algorithm before and after the four-constellation
optimization is 100%. Therefore, under the above three
conditions, the availability coverage of the integrity algorithm
before and after optimization will not be analyzed in the
following.

It can be seen from Figure 6 that compared with the
traditional algorithm, the optimized algorithm can improve
the availability of dual-constellation by about 2.53% under
LPV-200, and it can be found that the optimized algorithm is
more obvious at the area near 60–80°S. It can also be found that
the availability of ARAIM is different under different ISM
parameters, and the optimized algorithm has different degrees
of optimization. Figure 7 shows availability before and after
three-constellation optimization under the condition of VAL =
35 m. It can be seen from the figure that when the number of
constellations increases, the availability of the ARAIM algorithm
before and after optimization is improved to varying degrees.

4.2 Analysis From the Constellation Number
Analyzing Figures 6 and 10, at the same phase of integrity
requirement, the increase of constellation number can
significantly improve the availability coverage of the integrity
algorithm. When the VAL = 35 m, the availability coverage of the
integrity algorithm of the dual-constellation BDS/GPS is about
10% less than that of the three-constellation BDS/GPS/Galileo.
When the VAL = 20 m, the availability coverage of the integrity
algorithm under the four-constellation BDS/GPS/Galileo/
GLONASS is about 80% higher than the availability coverage
of the integrity algorithm under the three-constellation BDS/
GPS/Galileo. When the VAL = 15 m, only the availability of the
integrity algorithm under four constellations is greater than 0%.
As can be seen from Figures 5 and 6, when VAL = 35 m, the VPL

FIGURE 6 | Availability before and after dual-constellation optimization under the condition of VAL = 35 m.
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of BDS/GPS, BDS/GPS/Galileo, and BDS/GPS/Galileo/
GLONASS before and after optimization is mostly less than
35 m; when VAL = 20 m, the VPL of BDS/GPS/Galileo by a
very small percentage is less than 20, so the three constellations
meet the availability of less than 20% at VAL = 20 m. However,
the VPL of the four constellations is above 20; when VAL = 15 m,
it can be found that the VPL is a little less than 15 for the double
and three constellations. The availability of ARAIM for the four
constellations can reach around 24%. Based on the above analysis,

the availability of the ARAIM algorithm before and after
optimization for the same constellation combination is
presented in Tables 4 and 5.

Tables 4 and 5 show that as the number of constellations
increases, the availability coverage of the integrity algorithms is
also increased, and the integrity algorithm under four
constellations can meet the integrity requirements of a more
stringent phase. Using the new method can improve the global
availability in different navigation phases. Aiming at dual

FIGURE 7 | Availability before and after three-constellation optimization under the condition of VAL = 35 m.

FIGURE 8 | Availability before and after three-constellation optimization under the condition of VAL = 20 m.
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constellations, VAL = 35 m can improve the availability
obviously, and the new algorithm is improved about 2.53%;
aiming at three constellations, VAL = 20 m can improve the

availability obviously, and the new algorithm is improved about
2.97%; and aiming at four constellations, VAL = 15 m can
improve availability obviously, and the new algorithm is

FIGURE 9 | Availability before and after four-constellation optimization under the condition of VAL = 20 m.

FIGURE 10 | Availability before and after four-constellation optimization under the condition of VAL = 15 m.

TABLE 4 | Availability analysis of the multi-constellation integrity algorithm before optimization.

VAL(m) Dual constellations (%) Three constellations (%) Four constellations (%)

15 0 0 17.61
20 0 11.7 95.77
35 83.04 97.95 100
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improved about 6.47%. In addition, the improved PHMI and PFA
allocation schemes based on PSO can improve the availability of
integrity algorithms to a certain extent. When comparing the
same vertical alarm limit and the different constellation
combinations, it can be found that the optimized algorithm
can better meet the requirements of completeness than the
traditional algorithm in different phases of navigation with the
increase of the number of constellations.

4.3 Analysis of Complexity of an Algorithm
The complexity of an algorithm is the basic method to measure the
efficiency of an algorithm. The time complexity of an algorithm is
usually expressed using big “O” notation. The time complexity of
the algorithm is also the time metric of the algorithm, denoted as
T(n) � O(f(n)). n is the size of the problem. It means that as the
size of the n problem increases, the growth rate of the algorithm
execution time is the same as the growth rate f(n) of the
algorithm, which is called the asymptotic time complexity of the
algorithm. By using the “big O-order” calculation step to calculate
the traditional algorithm, the complexity can be obtained as
T(n) � O(n). The complexity of the improved algorithm is
T(n) � O(n2). Aiming at the PSO algorithm, the time
complexity is calculated by the number of particles, the number
of iterations, and the time required for each iteration. Different
parameter selection of the PSO algorithm will have a certain
influence on the complexity of the algorithm. In terms of the
complexity, it can be seen that the complexity of the traditional
algorithm is better than that of the improved algorithm. Moreover,
under the condition of the required alarm time for navigation
performance, the improved algorithm can improve the global
availability.

5 CONCLUSION

Advanced RAIM (ARAIM) technology is being developed as an
aircraft-based augmentation system (ABAS) for use under multi-
constellation operations. In this article, the PSO method is
proposed to allocate the PHMI and PFA parameters of the
ARAIM algorithm. The proposed algorithm is verified under
BDS/GPS, BDS/GPS/Galileo, and BDS/GPS/Galileo/GLONASS

multi-constellation, respectively. The experiment results
demonstrate that the optimization algorithm proposed can
reduce the VPL of the area covered by ARAIM. The
optimized algorithm can also improve the global availability
coverage of ARAIM under multi-constellation during the
approach phase. Moreover, it can be shown that with the
increasing number of satellites under multi-constellation, the
availability of ARAIM globally is gradually improved. In the
study, the results are instructive for the study of civil aviation
navigation integrity monitoring. In addition, the optimized
algorithm can easily fall into the local optimal solution, and it
still needs to be improved in future work.
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