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Abstract

Receiver Autonomous Integrity Monitoring (RAIM) is a
critical capability for a Global Navigation Satellite System
(GNSS) or Regional Navigation Satellite System (RNSS)
receiver, designed for safety-critical applications. It is of
extreme importance to assess the RAIM performance cor-
responding to a particular navigation constellation to under-
stand the said constellation’s independent integrity capabil-
ity. The Horizontal Protection Level (HPL) is one of the
key indicators of integrity which directly depends on the
geometric distribution of navigation satellites in space. In
this article, the HPL of NavIC and GPS is contrasted to as-
sess the theoretical RAIM capability of the NavIC system.
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1 Introduction

Global Navigation Satellite System (GNSS) has become a
critical space-based infrastructure supporting various crit-
ical infrastructures ranging from transport to power grid.
Recently Indian regional navigation satellite system, Navi-
gation using Indian Constellation (NavIC) has become fully
operational and it is expected that many critical applica-
tions within India will rely on NavIC services. The ground
track of the NavIC constellation comprising 3 geostation-
ary satellites and 4 inclined geosynchronous satellites are
shown in figure 1.

Integrity information, i.e. providing a timely warning when
a fault occurs in a GNSS/RNSS must be produced by a
GNSS/RNSS receiver which is in use for safety-critical ap-
plications, for example, civil aviation. Stringent integrity
requirement must be met by the GNSS/RNSS receiver be-
fore it can be used for safety-critical applications. At many
instances, the receiver is capable of providing the integrity
information independently using Receiver Autonomous In-
tegrity Monitoring (RAIM).

The integrity performance of Global Positioning Sys-
tem (GPS) has been well documented in [1–3]. Multi-
constellation RAIM has also been assessed in [4, 5]. Re-
cently Kalman Filter based RAIM for multi-constellation
navigation using GPS and NavIC is also explored [6]. How-
ever, it is of importance to explore the NavIC integrity per-
formance separately and benchmark with the GPS to assess
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Figure 1. NavIC constellation

the NavIC performance in scenarios when other GNSS ser-
vices are not available, as well as for further development
of the constellation itself.

In this article, the Horizontal Protection Level (HPL), a key
indicator of integrity for NavIC and GPS are compared us-
ing numerical analysis. It is observed that although the cal-
culated HPL provided by NavIC is significantly higher than
that of GPS, it is well within the internationally approved
specification of LNAV/VNAV.

2 Receiver Autonomous Integrity Monitor-
ing

A GNSS or RNSS receiver that can be used for safety-
critical applications, must be able to produce a timely warn-
ing when the satellite system cannot be used for naviga-
tion [7]. RAIM algorithm provides the integrity enhance-
ment mechanism to a GNSS/RNSS receiver without any
support from additional external systems.

RAIM algorithm provides a horizontal as well as vertical
boundary centred to the true position of the receiver within
which the position error is contained, based on the geomet-
ric distribution of satellites with respect to the receiver, a
desired false alarm rate and a desired missed fault detection
rate [3]. The horizontal boundary is called the HPL and is
an important indicator of integrity.



There are various RAIM algorithm implementations avail-
able which are generally driven by the position estimation
algorithm that is in use. However, the basic RAIM algo-
rithm [1,3,8] which is applicable for snap-shot Least Square
Estimation (LSE) based navigation, is an elegant means of
assessing the integrity of a navigation constellation. In the
subsequent part of this section, the computation of HPL in
the basic RAIM algorithm is described and how HPL is af-
fected by the satellite distribution is explained.

2.1 Satellite geometry and HPL

The linearised GNSS/RNSS pseudo-range measurement
equation can be written as [7]

Δ𝝆 = 𝑯Δ𝑿 + 𝝐 (1)

where, Δ𝝆 is the pseudo-range residue vector, 𝑯 =
𝜕𝝆
𝜕𝑿 , 𝑿 is

the vector containing the receiver position and the receiver
clock bias and 𝝐 is a zero mean white noise vector.

The estimated error in 𝑿 using the LSE is

̂Δ𝑿 = (𝑯𝑻𝑯)−1𝑯𝑻Δ𝝆

= Δ𝑿 + (𝑯𝑻𝑯)−1𝑯𝑻 𝝐 (2)

Error in estimation 𝒅 is

𝒅 =̂Δ𝑿 −Δ𝑿

= (𝑯𝑻𝑯)−1𝑯𝑻 𝝐 (3)

Here, Δ𝑿 is the true error. Now, the Linearised measure-
ment equation in presence of fault in the system is [9]

Δ𝝆 = 𝑯Δ𝑿 + 𝒇 + 𝝐 (4)

Here, 𝒇 is the fault vector. The estimation error in presence
of fault is

𝒅 = (𝑯𝑻𝑯)−1𝑯𝑻 ( 𝒇 + 𝝐) (5)

For fault detection in RAIM using parity method, the parity
vector is defined as [3]

𝒓 = 𝑺Δ𝝆 (6)

Here, 𝑺 = 𝑰 −𝑯𝑯𝑻𝑯)−1𝑯𝑻 . For some range bias or fault
𝑏𝑖 in the 𝑖𝑡ℎ satellite, considering 𝜖𝑖 ∼ N(0,𝜎𝑖), the parity
vector 𝒓𝑖 can be written as

𝒓𝑖 =


𝑆1𝑖
𝑆2𝑖
...

𝑆 (𝑛−4)𝑖


𝑏𝑖 (7)

The test statistic is defined as

|𝒓𝑖 | =
√︃
𝒓𝑇
𝑖
𝒓𝑖 (8)

= 𝑏𝑖

√︃
𝑆2

1𝑖 + 𝑆
2
2𝑖 + ...+ 𝑆

2
(𝑛−4)𝑖 (9)

It should be noted that 𝒓𝑇
𝑖
𝒓𝑖 follows the 𝝌2 distribution be-

cause the distribution of the pseudo-range residue is ide-
ally Gaussian. Hence, for a given probability of false alarm
𝑃 𝑓 𝑎, a detection threshold 𝑇𝐷𝑇 for the test statistic can be
calculated from the 𝝌2 probability density function. If the
test statistic is less than 𝑇𝐷𝑇 , then the system integrity can
be declared and conversely, if the test statistic is higher than
𝑇𝐷𝑇 , then a fault detection alert is provided.

Now, by defining (𝑯𝑻𝑯)−1𝑯𝑻 ≡𝑮, the estimation error 𝒅𝒊
for bias or fault 𝑏𝑖

𝒅𝑖 =


𝐺1𝑖
𝐺2𝑖
𝐺3𝑖
𝐺4𝑖

 𝑏𝑖 (10)

From equation 9, one can write
𝑑1𝑖
𝑑2𝑖
𝑑3𝑖
𝑑4𝑖

 =

𝐺1𝑖
𝐺2𝑖
𝐺3𝑖
𝐺4𝑖


|𝒓𝑖 |√︃

𝑆2
1𝑖 + 𝑆

2
2𝑖 + ...+ 𝑆

2
(𝑛−4)𝑖

(11)

Then the horizontal error√︃
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1𝑖 + 𝑑
2
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|𝒓𝑖 | (12)
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can be viewed as the slope of the hori-

zontal error vs. the test statistic line. The HPL is calculated
using the maximum slope 𝑠𝑙𝑜𝑝𝑒𝑚𝑎𝑥 possible, at the time
of observation. Considering the Gaussian distribution of
the measurement noise, the HPL can be calculated as [10]

𝐻𝑃𝐿 = 𝑠𝑙𝑜𝑝𝑒𝑚𝑎𝑥𝑇𝐷𝑇 + 𝑘
(
1− 𝑃𝑀𝐷

2

)
𝐻𝐷𝑂𝑃𝜎 (13)

Where, 𝑘 (.) is the inverse cumulative distribution function
for Gaussian PDF, 𝑃𝑀𝐷 is the specified missed detection
probability, 𝐻𝐷𝑂𝑃 is the Horizontal Dilution of Precision
at the time of observation and 𝜎 is the standard deviation of
the pseudo-range measurement.

3 Simulation

Since the HPL depends on the geometric distribution of
satellites with respect to the receiver, a numerical simula-
tion is sufficient for the RAIM performance comparison
of the NavIC and GPS constellations. Both the constella-
tions were simulated using the System Tool Kit (STK) soft-
ware. The azimuth, elevation and range of each satellite
were recorded from specific locations at some of the major
cites in India, from the simulation scenario to obtain geo-
metric distribution information of each satellite constella-
tion. The above-mentioned data were recorded for 24 hours
at 15 minutes interval. This information is sufficient to cal-
culate 𝑯 matrix and in turn subsequent calculation of the
HPL.



4 Results

The HPL is calculated using the formulation described in
section 2.1 for NavIC and GPS for 24 hours from fixed lo-
cations at 7 arbitrarily selected cities in India using the sim-
ulated data mentioned in section 3.

Before discussing the main result, it is necessary to explain
the effect of the number of visible satellites for a particu-
lar constellation on the distribution of the test statistic. As
mentioned earlier, the test statistic follows 𝝌2 distribution
and depends on the degree of freedom of the test statistic.
The degree of freedom is 𝑛𝑥 −4, where 𝑛𝑥 is the number of
satellite visible for a particular constellation.

Note that, in the Indian subcontinent, all 7 satellites of the
NavIC constellation are visible and hence for the NavIC
constellation the degree of freedom of the test statistic is
3. However, for the GPS constellation, the degree of free-
dom will vary depending on the number of satellites visible
at the region at a particular time. Figure 2 shows the visi-
bility of both the NavIC and GPS constellations during the
simulation time interval from New Delhi location.
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Figure 2. Satellite visibility

The normalised test statistic distribution for the NavIC and
GPS from New Delhi at the beginning of the simulation is
shown in figure 3. For a false alarm probability 𝑃 𝑓 𝑎 = 10−5,
the threshold of the normalised test statistic i.e. residue
square sum for both the NavIC and the GPS are also in-
dicated. Due to the difference in the degree of freedom of
the threshold for the NavIC is less than that of the GPS.

The normalised threshold converted to range considering a
conservative User Range Accuracy (URA) of 10 m for both
the constellations, at a fixed location at New Delhi for 24
hours is shown in figure 4. This result is in agreement with
the previous observation that the integrity alarm threshold
for the NavIC is less than that of the GPS for a given false
alarm rate.

The variation of maximum slope of the horizontal error vs.
test statistic line for the NavIC and GPS at New Delhi loca-
tion is shown in figure 5. It can be observed that the slope
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Figure 4. Alert threshold comparison

for NavIC is significantly higher than that of the GPS ex-
cept for one particular instance, where the number of visi-
ble GPS satellites was 4.

The variation of the HPL calculated using equation 13 over
the 24 hours of simulation period at New Delhi location for
both the NavIC and GPS is shown in figure 6.

It can be observed that the HPL provided by the NavIC is
significantly higher than the HPL provided by GPS, mostly
due to the geometric distribution of NavIC satellites. How-
ever, the NavIC HPL is well within the International HPL
requirement of 556 m [11] for non-precision approach and
LNAV/VNAV. In table 1 the mean, maximum and mini-
mum HPL of the NavIC and GPS during the 24 hours of
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Table 1. HPL comparison at cities in India

GPS NavIC
City Mean(m) Max(m) Min(m) Mean(m) Max(m) Min(m)
New Delhi 43.086 125.018 30.253 118.26 147.447 91.511
Ahmedabad 40.896 202.197 28.43 116.72 148.132 87.289
Bengaluru 38.354 181.641 29.116 110.522 144.379 76.566
Bhopal 41.035 61.564 29.748 115.378 146.671 85.769
Imphal 42.353 105.064 31.467 118.779 148.201 90.364
Kochi 37.907 80.919 29.07 109.75 144.116 74.937
Kolkata 41.848 69.057 31.497 115.561 146.165 85.748
Mumbai 40.362 74.433 27.641 114.721 147.511 83.396
Nagpur 40.753 99.381 30.553 114.089 145.939 83.517
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Figure 6. Horizontal Protection Level

simulation interval for various cities in India are shown.
The results are in agreement with the observation that the
NavIC provided HPL can be well within international HPL
standard. However, it is expected that with augmentation
using Indian Space-Based Augmentation System (SBAS)
GAGAN, a much less HPL can be achieved for NavIC.

5 Conclusion

In this article, the integrity performance of the NavIC and
GPS constellation is compared in terms of the HPL. Using
STK-based simulation of both the constellations the HPL
are calculated from fixed locations at various cities in India
for 24 hours. It is observed that the NavIC HPL is signif-
icantly less than the HPL provided by the GPS, due to the
difference in the geometric distribution of satellites of the
mentioned constellations. However, it is also observed that
the NavIC HPL is well within the internationally accepted
HPL requirement for LNAV/VNAV. It is expected that the
HPL for NavIC can be further improved using augmenta-
tion using the SBAS.
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