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Abstract—This paper deals with the initial integrity eval-
uation of the navigation information provided by the multi-
layer GNSS and LEO-PNT constellation. Although, the global
satellite navigation systems (GNSS) play indispensable role in
almost all aspects of today’s society, their signals are prone
to intentional or accidental interference. Therefore, low Earth
orbit (LEO) constellations aiming at position, navigation, and
timing (PNT) solution have recently been introduced as their
extension. The LEO-PNT constellations are planned to con-
tain hundreds of SVs with better interference resilience and
geometric diversity. As a consequence, the multi-layer GNSS
and LEO-PNT constellation was shown to offer more accurate
PNT solution. In this paper, we focus on another important
aspect of the multi-layer navigation information, which is
its integrity assessment. In particular, we analyse possible
dependencies between GNSS and LEO-PNT constellations
and their impact on the integrity evaluated using the solution
separation. The analysis is supported by the numerical simu-
lations using GPS and LEO-PNT constellations with 32 and
441 satellites, respectively.

Keywords: GNSS; LEO-PNT; Integrity monitoring;

PHMI allocation; Measurement noise; Interference re-

silience.

I. INTRODUCTION

Global navigation satellite systems (GNSS), such as

Galileo or GPS, provide position, navigation, and timing

(PNT) solutions based on signals from tens of satellites (or

space vehicles (SVs)) orbiting at altitudes about 20,000 km
for GPS and about 23,000 km for Galileo. Although the

GNSS play an indispensable role in almost all aspects

of today’s society, their signals are prone to intentional

or accidental interference due to occlusion, multipath, or

jamming and spoofing. Therefore, low Earth orbit (LEO)

constellations aiming at PNT, such as Xona, Iridium,

CentiSpace, or Geespace, have recently been introduced

as an alternative to or extension of the GNSS. The LEO-

PNT constellations are planned to contain hundreds of SVs,

which will orbit at altitude about 1000 km [12].

As the LEO-PNT constellation SVs will orbit signif-

icantly closer to the users (typically 20 times closer

than GNSS), they will provide stronger transmitted signal

power, leading to higher positioning accuracy, higher re-

silience to various forms of attacks known from the GNSS

world, and seamless positioning experience even in indoor

environments. Due to faster dynamics in LEO orbit and

smaller footprints on the user side, the constellation must

contain many satellites to provide global coverage. The fast

motion of the LEO satellites contributes significantly to the

geometric diversity (compared with the traditional GNSS

constellations), allowing for rapid convergence of the pre-

cise point positioning (PPP) techniques. Another advantage

of the LEO-PNT is that the LEO-PNT measurements can

be processed with the same algorithms used for the GNSS

measurement (including integration with other sensors such

as the inertial measurement unit or barometric altimeter).

On the other hand, the LEO-PNT will not, at least in the

initial phase, be equipped with high-quality clocks, such as

GNSS-grade atomic clocks, which are needed to provide

high-accuracy positioning and timing services. Instead, the

currently considered LEO-PNT constellations will derive

their timing and positioning capabilities from the existing

GNSS constellations. Therefore, there is a need for close-

to-real-time GNSS-based precise orbit determination algo-

rithms implemented on the LEO-PNT satellites [12].

Due to this dependency of the LEO-PNT on GNSS, the

combined LEO-PNT and GNSS positioning architecture

is typically denoted as multi-layer PNT architecture since

the particular constellations form “layer” as illustrated

in Figure 1. Compared to the GNSS constellations (that

are independently maintained), the envisioned multi-layer

constellation will positively impact the accuracy of the

PNT solution (in terms of lower estimate error covariance

matrix). Despite the lower error covariance matrix, the

integrity of the navigation information can adversely impact

the provided protection levels (PLs) due to

• Higher number of visible SVs (both GNSS and LEO-

PNT) generally leading to increased number of faults,
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Figure 1: Multi-Layer PNT service (with indication of

common faults).

• Correlation among the GNSS and LEO-PNT measure-

ments given not only due to the LEO SV PNT solution

derived from the GNSS, but also due to signal-in-

space measurement noise correlation.

Higher PLs might be problematic, especially for areas with

stringent requirements on navigation information quality.

Whereas the performance of the multi-layer GNSS and

LEO-PNT has been evaluated in terms of the accuracy [12],

its performance in terms of the integrity has been somewhat

overlooked, although the integrity is an essential parameter

to be met not only in general aviation but also in other

transport domains such as urban air mobility (UAM). In the

literature, a few studies discussing the integrity of the multi-

layer architecture can be found in [16], [17]; unfortunately,

without an analysis of the impact of the GNSS and LEO-

PNT dependency on a number and probability of possible

faults. As will be shown, the fault number and dependency

significantly affect the design of the integrity monitoring

algorithms and calculated PLs.

In this paper, we (i) specify and analyse the dependency

between GNSS and LEO-PNT faults, (ii) propose an al-

location of the probabilities of false alarm and hazardous

misleading information, measurement noise properties, and

(iii) evaluate their impact on integrity (and resulting PLs)

using the solution separation concept. The discussed con-

cept is then evaluated in a numerical study using a scenario

with the GPS constellation and a LEO-PNT constellation,

which gives an idea about the benefit of the LEO-PNT

integration with the GNSS.

The rest of the paper is organised as follows. Section II

reviews the position estimation and noise properties for the

GPS and proposed for the LEO-PNT. The accuracy and

integrity of the position solution are discussed in Section

III, together with constellation-related fault probabilities.

The hazardous misleading information and the integrity

monitoring method are treated in Sections IV and V. The

discussed algorithms are numerically verified in Section VI,

and the concluding remarks are given in Section VII.

II. POSITION ESTIMATE AND MEASUREMENT NOISE

PROPERTIES

The satellite-based navigation systems estimate receiver

position (and other navigation parameters if required) based

on time-of-arrival measurements characterising the dis-

tances between the receiver with unknown sought position

and SVs with known positions. The distance, denoted as a

pseudorange, ⇢(i) can be then written as [1], [6]

⇢(i) = ks(i) � pk+�t + v(i), i = 1, 2, ..., N, (1)

where s(i) is a known position of i-th SV, p is the unknown

receiver position, �t is the off-set caused by the receiver

clock error, and v(i) is a zero-mean measurement noise

with variance (�(i))2 with components detailed later.

Estimation of unknown receiver position and clock er-

ror(s)1 for m GNSS constellations, i.e., of x = [pT ,�t]
T ,

is typically based on linearised system of equations (1), 8i,
which reads [1]

y = H�x+ v, (2)

where

• y 2 R
N is a known vector of pseudoranges compen-

sated for all available corrections, e.g., atmospheric

delay, satellite clock error, and the first term of range

equation Taylor expansion,

• H 2 R
N⇥3+m is a known matrix of (i) unit line-of-

sight vectors aiming from the receiver to the SVs (first

three columns) and (ii) indication of the constellation

for the particular SV (last m columns),

• �x 2 R
3+m = x � x̄ is the unknown (and sought)

difference between actual receiver position and clock

offset and its initial estimate determining the lineari-

sation point x̄, and

• v = [v(1), v(2), . . . , v(N)] is the concatenated mea-

surement noise vector with the covariance matrix

R = cov[v].

The weighted least-squares estimate of the difference

becomes

�x̂ =
⇣

HTWH
⌘

�1

HTWy, (3)

where the weighting matrix is W = R�1, and the

estimated receiver position and receiver clock drift (with

respect to one or more constellations) is x̂ = x̄+�x̂. The

estimate error covariance matrix reads

C =
⇣

HTWH
⌘

�1

. (4)

Calculation of the LS solution (3) is conditioned by the

knowledge of the measurement noise covariance matrix R.

Typically, the matrix is supposed to be diagonal, with the

variances defined as follows.

1As the time base is not synchronised over m GNSS constellations, it
is necessary to estimate clock error for each processed constellation.



A. GPS Measurement Noise Variance

The measurement noise variance of the GPS compen-

sated pseudorange for a dual-frequency receiver is given

by [1], [7], [15]

R(i, i) = (�(i))2 = (�
(i)
URA/URE)

2 + (�
(i)
tropo)

2 + (�(i)
user)

2,

(5)

where

• �
(i)
URA = 0.75m and �

(i)
URE = 0.5m stand for the

standard deviation (STD) of the clock and ephemeris

error of i-th GPS SV used for integrity calculation

(denoted as user range accuracy) and for the accuracy

and continuity calculation (denoted as user range

error), respectively,

• �
(i)
tropo = 0.12 1.001

s

0.002001+

✓

sin(
⇡✓

180 )

◆

2
[m] is a residual

tropospheric error (or delay) STD of i-th GPS SV with

elevation ✓[deg],

• �
(i)
user =

r

f4

L1
+f4

L5

(f2

L1
�f2

L5
)2

q

(�
(i)
MP)

2 + (�
(i)
noise)

2[m] is the

user/receiver error STD being function of (dual) fre-

quencies of L1 and L5 signals and smoothed mul-

tipath and receiver noise STDs defined as �
(i)
MP =

0.13 + 0.53 exp(�✓/10) and �
(i)
noise = 0.15 +

0.43 exp(�✓/6.9), respectively.

B. LEO-PNT Measurement Noise Variance

The definition of the representative measurement noise

error budget for LEO-PNT is much more challenging as

there is no standard or widely accepted definition. How-

ever, in [18] the authors provided an initial measurement

noise assessment of the Luojia-1A SV2. The LEO-PNT

pseudorange measurement STD seems to be below 1 meter

(compared to several of meters for GPS or GNSS SV

in general). The lower measurement noise STD of the

LEO-PNT is expected as the LEO-PNT SVs are located

significantly closer to the Earth surface [12].

However, due to the missing comprehensive evaluation

of the expected LEO-PNT measurement noise, the LEO-

PNT measurement noise STD is, in this paper, considered

as a slightly down-scaled GPS error budget, i.e.,

R(i, i) = c2
⇣

(�
(i)
URA/URE)

2 + (�
(i)
tropo)

2 + (�(i)
user)

2
⌘

,

(6)

with the scaling factor3 c = 0.9. Note that this study does

not consider the fault-free range biases [7].

III. NAVIGATION INFORMATION PERFORMANCE

METRICS

A considered navigation system provides (at least) an

estimate of the receiver position using statistical process-

ing of the GPS and LEO-PNT measured pseudoranges.

2Luojia-1 is an Earth observation SV built by the Wuhan University
(https://space.skyrocket.de/doc sdat/luojia-1.htm).

3In [9], the more conservative scaling factor c = 1.5 was considered
for the opportunistic LEO-related measurements, which are not primarily
intended for navigation.

The estimated position, often denoted as the navigation

information, is used in many applications, including safety-

related ones, where the quality of the information has to be

quantified. We can mention and briefly define the following

widely used performance metrics [5], [7], [8]:

• Integrity is a measure of the trust that can be placed

in the correctness of the information supplied by the

total (navigation) system. Integrity includes the ability

of a system to provide timely and valid warnings to

the user (alerts). Evaluated integrity parameters are

– Integrity risk is the probability that the esti-

mated navigation information error exceeds an

alert/required limit.

– PL is bound, for which it is guaranteed that the

probability of the error exceeding the PL is smaller

than or equal to the integrity risk. PL and integrity

risk are, in the sense of integrity assessment, inter-

changeable.

– Alert limit is the error tolerance not to be exceeded

without issuing an alert.

– Time-to-alert is the maximum allowable time

elapsed from the onset of the navigation system

being out of tolerance until the alert.

• Accuracy is a measure or the statistical description of

the estimated navigation information error.

• Continuity is the ability of the total system to perform

its function without interruption during the intended

operation.

• Availability of a navigation system is the ability of

the system to provide the required function and per-

formance at the initiation of the intended operation.

This paper focuses on the integrity and accuracy assessment

of the estimated position. Whereas the accuracy is assessed

simply by the position estimate (root) mean square error

or the respective covariance matrix and bias, the integrity

statistical definition is more involved.

A. Integrity

Integrity quantifies the impact of undetected faults on the

navigation information estimation error. In order to avoid

making assumptions on unknown fault distributions, the

integrity risk of a worst-case fault is evaluated in terms of

the probability of hazardous misleading information (HMI).

The HMI is defined as a probability that the navigation

information error exceeds the alert limit while not being

detected by a fault detection algorithm. In other words, the

required probability is defined as [7]

PHMI = P (|"(j)| > L, q < T ), (7)

where "(j) = x(j)� x̂(j) is the error of the j-th position

estimate or its function, L is the allowed limit (e.g.,

required vertical or horizontal PL denoted as VPL or HPL,

respectively), q is a test statistic of the detection algorithm,

and T is a detection threshold (calculated from the estimate

error covariance matrix C).



Considering the set of f mutually exclusive fault hy-

potheses {Hi}
f
i=1, the integrity risk reads

PHMI =

f
X

i=1

P (|"(j)| > L, q < T |Hi)P (Hi)

=

f
X

i=1

P (HMI|Hi)P (Hi), (8)

where P (Hi) is a priori known probability of the related

fault occurrence. As f can be too high for evaluation,

P (Hi) for certain faults is negligible compared to required

PHMI, or some faults cannot be detected (such as failure

of all SVs), the number of hypotheses to be monitored can

be reduced such as

PHMI 

h
X

i=1

P (HMI|Hi)P (Hi) + PnotMonitored, (9)

where PnotMonitored =
Pf

i=h+1 P (HMI|Hi)P (Hi) 
Pf

i=h+1 P (Hi).
A careful definition of the fault hypothesis and the

probabilities P (Hi), 8i, is thus of paramount importance.

B. GNSS and LEO-PNT Faults and their Probabilities

The faults hypotheses considered in the area of GPS

(autonomous) integrity monitoring are mostly related to the

narrow failure (i.e., failure of one SV) with

P (HGPSnarrow) = 10�5 (10)

or wide failure (i.e., failure of a whole constellation)

P (HGPSwide) = 10�8. (11)

These probabilities stem from the analysis of past data.

Unfortunately, such probabilities are unavailable for the

LEO-PNT SVs and the constellation due to a lack of

data. Therefore, we will introduce and briefly discuss two

possible scenarios, which differ in dependency of GPS and

LEO-PNT constellations (illustrated in Figure 1);

1) Independent Constellations: By the term indepen-

dent, we mean that the LEO-PNT SV PNT information is

determined independently of the GNSS constellation used

for combination in the user receiver. For example, LEO-

PNT SV can be positioned without the need for the GNSS,

or it uses GPS, but the receiver tracks Galileo SVs in

addition to the LEO-PNT SVs.

2) Dependent Constellations: Dependent constellations

are those where a LEO-PNT SV calculates its PNT in-

formation based on GNSS measurements. Then, the user

receiver combines LEO-PNT and GNSS measurements

without a notion of their correlation.

C. Considered Scenario and Probabilities

Unknown dependency of GNSS and LEO-PNT constel-

lations effectively prevents standard calculations used in

the integrity monitoring domain. The reason is that failure

of one GNSS SV can cause failure of multiple LEO-PNT

SVs, which means that failures of particular SVs are not

mutually exclusive. On the other hand, the assumption of

LEO-PNT SV positioning without the need for the GNSS

seems to be optimistic, at least in the near future.

Therefore, a realistic scenario selected in this paper

is that the LEO-PNT SV calculates its position (and

time correction) based on one GNSS constellation, such

as Galileo, and the user receiver combines these LEO-

PNT measurements with the GPS pseudoranges. Then, the

probability of LEO-PNT narrow failure is, in this paper,

considered as

P (HLEOnarrow) = n⇥ 10�5, (12)

where n shall respect the number of used Galileo SVs

for positioning of the LEO-PNT SV and employed fault

detection (FD). In this paper, we consider n = 2. The

probability of LEO-PNT-wide failure is considered as

P (HLEOwide) = 2⇥ 10�8, (13)

motivated by the fact the Galileo and LEO-PNT constella-

tions can fail with the same probability 10�8.

We should stress that we neglect correlation caused by

the Galileo SVs in LEO-PNT SV positioning, which means

that narrow failure of one LEO-PNT SV can be correlated

with failure of another LEO-PNT SV via a common Galileo

measurement(s). The intuition behind this approximation is

that the Galileo constellation can be monitored either at the

receiver level or LEO-PNT SV level to detect the faults and

minimise the correlation between LEO-PNT SV faults.

Similarly to the specification of noise properties, the

probability allocation will be thoroughly discussed and

analysed once the planned constellations become active

and the hardware and software architecture is fixed.

IV. PROBABILITY OF HAZARDOUS MISLEADING

INFORMATION ALLOCATION

Integrity monitoring methods rely on allocating PHMI

budget among the monitored faults and specification of

PnotMonitored. Two allocation schemes can be designed

• Fixed, which depends only on the number of hypothe-

ses h [2], [8],

• Optimal, which depends besides on h also on con-

stellation layout and calculated estimate covariance

matrices [1].

Due to lower computational complexity and since this

paper presents an initial concept of LEO-PNT and GPS

integration, we further focus on the fixed scheme.

Within the fixed schemes, we will focus on a stan-

dard scheme referring to an algorithm of the advanced

receiver autonomous integrity monitoring [5], which does

not account for multiple simultaneous faults. It means the

single SV faults with probabilities P (HGPSnarrow) (10)

and P (HLEOnarrow) (12) are monitored and the remaining

constellation and simultaneous faults are not. These un-



monitored probabilities form the upper bound probability

PnotMonitored, which is thus defined as

PnotMonitored = P (HGPSwide) + P (HLEOwide)

+ (NGPS

2 )(P (HGPSnarrow))
2 + (NLEO

2 )(P (HLEOnarrow))
2

+NGPSNLEOP (HGPSnarrow)P (HLEOnarrow), (14)

where NGPS is a number of tracked GPS satellites and

NLEO is a number of tracked LEO-PNT satellites so that

N = NGPS+NLEO. The 3rd, 4th, and 5th right-hand side

addends take into account the simultaneous failure of two

SVs (two GPS SVs, two LEO-PNT SVs, and a combination

of one GPS SV and one LEO-PNT Sv). The probability of

simultaneous failure of three or more satellites is negligible

w.r.t. typically considered PHMI,rem.

The resulting PHMI,rem, which is allocated among the

monitored single fault hypotheses by the integrity monitor-

ing algorithm, is then given as

PHMI,rem = PHMI � PnotMonitored. (15)

V. INTEGRITY MONITORING BY SOLUTION

SEPARATION

Integrity monitoring methods for the (horizontal) posi-

tion domain have been pioneered in the aviation industry

since the beginning of the utilisation of the GPS for en-

route navigation back in the 1990s. As no augmentation

systems were available, the integrity had to be solved by the

GPS receiver itself, which gave rise to the methods known

as the (advanced) receiver autonomous integrity monitoring

methods (ARAIM) [3], [4], [7], [10], [19]. These methods

can be classified into two groups:

• Measurement domain, where the fault detection (FD)

algorithm is based on a statistical analysis of the

measurement residuals [4].

• State domain, where the FD is based on a statistical

analysis of the difference between the state estimate

computed using all measurements and estimates com-

puted using sub-sets of measurements. A prominent

example of this approach is the solution separation

(SolSep) method [3], [5].

As both approaches provide similar performance, we will

focus on SolSep in this paper, which can be easily extended

for mitigation of any type of fault.

The SolSep method is based on a statistical comparison

position estimate (3), (4) calculated using all available

pseudorange measurements ⇢(i), 8i, (1) with an estimate

based on a subset of measurements. The former estimate

is denoted as the full-solution, and the latter as the sub-

solution. The sub-solutions are defined to reflect the fault

to be mitigated.

A. Solutions Definition

Let the position full-solution processing all N measure-

ments (3), (4) consisting of the estimate and the associated

estimate error covariance matrix be denoted as

�x̂0,C0. (16)

Assuming a single SV fault, we can define N sub-solutions,

where each sub-solution processes a unique subset of N�1
pseudorange measurements. The sub-solution estimate is

denoted as

�x̂n,Cn, n = 1, 2, . . . , N. (17)

Then, there is always one sub-solution not affected by this

fault. Thus, by statistically comparing the full- and sub-

solutions estimates, we can detect a fault and calculate the

PL. In the following subsections, we illustrate the SolSep

for HPL calculation. The VPL is calculated analogously

[5], [7].

B. Test Statistic and Decision Threshold

If the estimated position correction is in the navigation

(tangential) frame [6], then the first two elements of �x̂,

i.e., �x̂H, represent the correction to the horizontal posi-

tion. The SolSep test statistic (or discriminator/separation)

is, then, defined as

dH
n = �x̂H

0 ��x̂H
n , 8n. (18)

In the fault-free case, the statistic is a zero-mean random

variable with the covariance matrix

dCH
n = E[(�x̂H

0 ��x̂H
n )(�x̂H

0 ��x̂H
n )

T ] = Cn �C0,
(19)

if certain (but weak) assumptions are met [19]. Then, the

fault is detected, and the alert is raised if

dHn > DH
n , (20)

where dHn = kdH
nk is the Euclidean norm of (18). The

decision threshold is defined

DH
n = Kn

FA

p

�dCH
n , (21)

where Kn
FA is a multiplication coefficient depending on the

probability of false alarm PFA allocated for the given sub-

solution (and hypotheses) and �dCn is the maximum eigen-

value of dCn. Detailed relations for Kn
FA calculation, PFA

allocation, and compensation for the second eigenvalue of

dCn can be found in [11].

C. Protection Level

The PL of the horizontal position (HPL) is calculated as

HPL = max{HPL1, HPL2, . . . , HPLN}, (22)

where PLn = DH
n + aHn and the term

aHn = KMD

p

�CH
n , (23)

represents the uncertainty of n-th sub-solution horizontal

position covariance matrix CH
n and allocated probability

of missed detection PMD. The probability PMD is derived

from PHMI,rem (15) and P (Hi) considered in (9)–(13).

The calculated HPL can be thus imagined as a circular

area centred as the full-solution position estimate with a

radius given by the maximum of the sum of the separation

threshold Dn and the term an as illustrated in Figure 2.



Figure 2: Full-solution, sub-solution, and HPL illustration.

VI. NUMERICAL SIMULATION

The discussed concept of the multi-layer GPS and LEO-

PNT constellation is simulated and the accuracy and in-

tegrity of the positioning information is evaluated. The

details on simulation configuration can be found in the next

sub-sections.

A. Constellation Simulator

In this study, we utilised LEO-S9 (LEO simulator with

9 modules), a simulation tool developed for the strategic

planning of GNSS-like constellations within LEO altitudes

[13], [14]. It allows the replication of the space, ground,

and user segments, in addition to the atmospheric and Earth

effects on the signal propagation. Main simulated parame-

ters include orbit errors, clock offsets, phase centre offsets

(PCO), phase centre variations (PCV), instrumental biases,

such as the differential code bias (DCB), atmospheric

refraction (ionosphere and troposphere), phase wind-up,

and relativistic effects.

The constellation was simulated considering a LEO-

PNT mission over a 12-hour observational period with

sampling 1[sec]. This was performed with an orbit altitude

of 800 km and 441 satellites since it allowed to keep the

geometric dilution of precision (GDOP) lower than four,

which is an excellent geometry for further analysis. The

simulated mission aimed to mimic real-world scenarios

by providing precise orbit models, including the Cowell

numerical integration for orbit propagation considering the

Earth’s gravity field, J2 perturbation due to the Earth’s

shape, third body effects, solar radiation pressure, and

atmospheric drags.

The simulations also include GNSS satellites to charac-

terise a multi-layer constellation completely. To this end,

precise products generated by the International GNSS Ser-

vice (IGS) are used as a basis. They provided high-accuracy

GPS orbits with a time-interval period of 5 minutes. The

GPS satellite orbits were obtained every 1 second by a

moving-window Lagrange polynomial interpolation into

✓ hSTD vSTD HPL VPL

10
GL 0.31(±0.02) 0.74(±0.14) 2.86(±0.32) 6.34(±1.23)
G 0.66(±0.13) 1.22(±0.21) 8.15(±2.69) 11.81(±4.15)
L 0.37(±0.05) 1.10(±0.42) 4.62(±1.84) 13.67(±7.95)

15
GL 0.35(±0.10) 0.96(±0.25) 4.72(±1.92) 10.34(±3.20)
G 0.74(±0.18) 1.45(±0.37) 12.07(±6.80) 18.77(±13.80)

25
GL 0.55(±0.19) 1.63(±0.44) 9.16(±13.66) 20.18(±28.98)
G 1.02(±0.35) 1.96(±0.40) 23.1(±16.25) 36.86(±28.89)

Table I: Positioning performance – L: LEO-PNT, G: GPS.

✓ 10 15 25

GPS 9.35 7.13 6.31
LEO-PNT 10.21 5.78 4.44

Table II: Expected number of visible SVs.

the Earth-centred inertial (ECI) frame, which is a typical

interpolation technique to provide sub cm accuracy.

By employing LEO-S9, we could simulate satellite con-

stellations and precisely model the dynamics of LEO and

GPS orbits, enabling us to provide pseudorange measure-

ments and covariance matrices to a ground-based user.

B. Scenario Definition: Independent Constellations

In this paper, we evaluate the position estimate of a

stationary receiver located at latitude 49�44053.000N and

longitude 13�22027.000E assuming the GPS and the LEO-

PNT measurement noise models and failure probabilities

defined above. For integrity, we assume the total HMI bud-

get to be PHMI = 2⇥ 10�7 equally split among horizontal

and vertical channels. The remaining HMI budget PHMI,rem

(15) is allocated among the sub-solutions according to

the particular probabilities P (Hi) of the failures to be

mitigated. The probability of false alarm PFA is allocated

equally among the sub-solutions.

The position estimate, transformed into the navigation

frame, was evaluated using the following criteria

• Accuracy in the form of STD (based on the calculated

covariance matrix C (4)) for horizontal and vertical

positions further denoted as hSTDk and vSTDk,

respectively,

• Integrity in the form of PL (calculated by the SolSep)

for horizontal and vertical channels denoted as HPLk

and V PLk, respectively,

for each time instant k = 1, . . . , T, T = 43200. The

number of visible SVs of both constellations was recorded

as well. The overall quality for both criteria was assessed

using the sample mean and STD over all time instants k.

The overall STDs and PLs are summarised in Table I for

• Varying mask angle ✓,

• Processing GPS+LEO-PNT, GPS only, and LEO-PNT

only measurements.

The average number of visible SV for each constellation

is given in Table II. For illustration, the time behaviour of

the considered quantities can be found in Figures 3 and

4 for ✓ = 15[deg] and ✓ = 25[deg], respectively, for a

shorter window. Note that, for ✓ = 25[deg], LEO-PNT does

not allow calculating the position solution due to the low

number of SVs. For the sake of completeness, dependency
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Figure 3: Positioning performance (mask angle ✓ = 15 [deg]).
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Figure 4: Positioning performance (mask angle ✓ = 25 [deg]).

of averaged VPL and HPL on the LEO-PNT measurement

noise variance via the scaling parameter c (6) is illustrated

in Figure 5.

C. Observations and Open Questions

The results, summarised in Figures 3, 4 and Tables I, II,

lead to following observations:

• Compared to GPS-only positioning, GPS+LEO-PNT

significantly improves accuracy and integrity (more

than 50%, observed from Table I). Improvement w.r.t.

LEO-PNT-only positioning is rather modest. Figure 5: Dependency of average PL on LEO-PNT noise

properties.



• For masking angle ✓ > 10, the LEO-PNT cannot be

used independently of a GNSS constellation due to the

low number of visible SV needed for integrity-related

calculation. This is a fundamental observation for

using LEO-PNT in urban areas (with a high masking

angle).

• For ✓ > 35, GPS+LEO-PNT does not provide a

sufficient number of visible SVs for integrity-related

calculation. Another GNSS constellation shall be em-

ployed to solve this deficiency issue, which might

affect the correlation between constellations’ faults.

• LEO-PNT provides highly varying accuracy and in-

tegrity, given by the rapid change in constellation

geometry. On the other hand, in the LEO-PNT results,

we do not observe sudden jumps caused by adding or

removing GPS SV.

The observations are valid for the considered scenario

under assumed models and constellation faults. For overall

conclusion, the following areas and tasks shall be explored

• Realistic models of LEO-PNT measurement noise and

SV failure probabilities,

• Correlation between LEO-PNT and GNSS signal-in-

space errors,

• For low mask angles ✓, the positioning algorithm

can be equipped with a geometry screening. The

preliminary simulations show that removing two SVs

from each constellation leads to a rather marginal

degradation of positioning performance.

• For a higher narrow failure probability of a LEO-

PNT SV, ARAIM with dual fault monitoring shall be

considered, which increases the computational com-

plexity.

• To smooth the high variability of LEO-PNT-based

solution caused by rapid constellation change, an

integration with an inertial navigation system or other

sensors such as a barometric altimeter or odometer

shall be considered.

VII. CONCLUDING REMARKS

The paper assessed the positioning performance of the

multi-layer constellation, which combines the current GPS

and envisioned LEO-PNT constellations. The emphasis was

laid on the constellations’ properties, the constellation fault

dependency, and their impact on the positioning integrity.

The considered models were evaluated in a numerical study

showing the benefits and limitations of the multi-layer

architecture.
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