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Abstract: Positioning by means of the Global Positioning System (GPS) is a traditional and widely
used method. However, its performance is affected by the user environment, such as multi-path effects
and poor anti-interference abilities. Therefore, an Inertial Navigation System (INS) has been integrated
with GPS to overcome the disadvantages of GPS positioning. INSs do not rely on any external
system information and has strong autonomy and independence from the external environment.
However, the performance of GPS/INS is visibly degraded in low-observability GPS environments
(tall buildings, viaducts, underground tunnels, woods, etc.). Fortunately, with the emergence of
Low-Earth-Orbit (LEO) satellites in recent years, the constellation configuration can be extended with
the advantages of lower orbits, greater speeds, and richer geometric structures. LEO improves the
geometric structure between users and satellites and provides many more observations. Meanwhile, a
robust theory approach is applied that can restrain or remove the impact of low-accuracy observations.
In this study, we applied LEO data and a robust theory approach to enhance the GPS/INS tight
integration. To verify the effectiveness of this method, a set of vehicles and simulated LEO data were
analyzed. The results show that robust Kalman filtering (RKF) provides a visible enhancement in
the positioning accuracy of GPS/INS integration. This effectively restrains the mutation error and
has a smoothing effect on the positioning results. In addition, the addition of LEO data significantly
improves the positioning accuracy of a sole GPS and GPS/INS integration. The GPS/LEO/INS
integration has the highest positioning accuracy, with Root-Mean-Square Errors (RMSEs) of the
north, east, and vertical positions of 2.38 m, 1.94 m, and 2.49 m, respectively, which corresponds
to an improvement of 30.21%, 47.43%, and 34.13% compared to sole GPS-based positioning and
8.60%, 17.24%, and 12.14% when compared to the GPS/INS mode. Simultaneously, the simulation
results show that LEO and INSs can improve the positioning performance of GPS under GPS-
blocked conditions.

Keywords: global positioning system (GPS); inertial navigation system (INS); low earth orbit (LEO);
robust Kalman filtering (RKF); tight integration

1. Introduction

The Global Positioning System (GPS) is a commonly used positioning system that
provides users with a high-precision three-dimensional position and velocity [1], owing to
its all-weather, real-time, global coverage, and uninterrupted service characteristics. Owing
to these advantages, GPS is widely adopted in high-precision measurements, mobile moni-
toring, vehicle navigation, and search and rescue fields [2–4]. In general, GPS positioning
technologies can be classified into Single Point Positioning (SPP), Precise Point Positioning
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(PPP), Real-Time Kinematic (RTK) [5], and PPP-RTK [6,7]. SPP uses pseudo-range observa-
tions of GPS and the broadcast ephemeris for positioning and can achieve a few-meter-level
positioning accuracy. However, with the user demand for higher positioning accuracy,
RTK [8] and PPP [9–11] have been proposed. RTK technology eliminates common errors
such as receiver and satellite clocks and weakens the orbit error, tropospheric delay, iono-
spheric delay, and other distance-related errors through the double-difference observation
model, to achieve fast centimeter-level positioning [12]. Although it has high accuracy and
a short convergence time, the positioning accuracy gradually decreases with an increase in
baseline length, which leads to certain limitations in the application range. PPP technol-
ogy utilizes the precise ephemeris and satellite clock provided by the International GNSS
Service (IGS), using only the pseudo-range and carrier phase measurements from a single
receiver, to achieve high-precision absolute positioning on a global scale. PPP requires only
a single receiver, and its positioning is not limited by the baseline, which makes it more
flexible and less costly. However, PPP requires a long initialization time and continuous
satellite signals to maintain high accuracy [13].

However, in complex and harsh environments (tall buildings, viaducts, underground
tunnels, woods, etc.), the GPS signal, as a form of radio navigation and positioning, is
prone to interference and frequent interruptions, resulting in low-quality observation data,
insufficiently visible satellites, and even no positioning solutions [14]. For GPS positioning
drawbacks in complex and harsh environments, the integration of other technologies with
GPS can effectively solve GPS defects.

In light of these drawbacks, GPS is often integrated with the Inertial Navigation System
(INS) [15–20]. The INS is a completely autonomous navigation system that does not depend
on the external environment. It can provide a variety of high-precision navigation parame-
ters independently and autonomously, owing to its autonomy, concealment capability, high
sampling rate, and short-term accuracy [21,22]. As a result, INSs can provide navigation
information even if GPS is affected. The integration of INSs and GPS [23–25] can effectively
overcome the shortcomings of GPS and INSs and utilize the advantages of the respective
systems to provide users with more reliable and high-precision positioning. However,
the errors of INSs accumulate with time, especially for low-cost Micro-Electro-Mechanical
Systems (MEMSs) [26]. Several studies have focused on GPS and INS integration. In 2006,
Le et al. used 1 h of onboard experimental data to analyze the PPP/INS loose integration
and obtained 0.5 m position results in the horizontal direction and 0.6 m in the vertical
direction [27]. In 2009, Martell et al. realized PPP/INS tight integration and the results of
airborne experiments showed that the positioning accuracy was within 15 cm [28]. In 2017,
Zhang et al. proposed a smoothing algorithm for GNSS/SINS tight integration, and experi-
ments showed that the smoothing algorithm improved the average three-dimensional (3D)
position Root-Mean-Square Error (RMSE) and the 3D attitude RMSE on average by 65.7%
and 70%, respectively [29]. GPS and INS integration has been widely used. However, the
integrated system is overly dependent on GPS, which can drastically reduce the accuracy of
GPS/INS integration, even though it can provide positioning when the GPS signal is weak.

Due to the strong dependence, LEO data can be introduced to provide many observa-
tions. In recent years, with the proposal of a comprehensive PNT (Positioning, Navigation,
and Timing), LEO has attracted attention from navigation and communication fields world-
wide owing to its advantages, such as rapid speed, strong signal power, and a large
number of satellites [30–32]. Owing to their unique advantages, LEO satellites can effec-
tively complement and improve GPS services. The tight integration of LEO with GPS and
INSs can enhance their accuracy. Ke et al. conducted a preliminary evaluation of LEO-
augmented GPS PPP using simulation data. The results show that the convergence time
of the GPS/LEO-integrated PPP-AR was reduced by 51.31% and the positioning accuracy
was improved by 14.9% compared with that of GPS [33]. Ge et al. simulated LEO satellites
with GPS/BDS observations for LEO-augmented GPS/BDS PPP. Their results show that
the PPP convergence time can be decreased down to approximately 5 min in most of the
global regions. Compared with the 30 s sampling interval, the 1 s sampling interval could
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further reduce the convergence time [34]. Li et al. analyzed the contribution of LEO to
improving the fixed ambiguity of PPP and found that the positioning errors in the east,
north, and vertical directions after adding LEO observations improved by 63.2%, 67.2%,
and 20.7%, respectively, compared with PPP floating-point solutions [35]. Li et al. found
that the greater the number of LEO satellites in LEO-enhanced multi-GNSS PPP, the shorter
the convergence time and the higher the positioning accuracy. To achieve a horizontal
accuracy of <10 cm, they introduced 60, 96, 192, and 288 LEO satellites, and the conver-
gence time was shortened from 9.6 min to 7.0, 3.2, 2.1, and 1.3 min, respectively [36]. Zhao
et al. evaluated the PPP performance of LEO/GNSS integration in harsh environments
and showed that the PPP convergence time for LEO/GNSS integration was significantly
improved. Compared with a single BDS, the float solution accuracy of the BDS/LEO and
BDS/GPS/LEO-integrated PPP improved by 73.77% and 77.43%, respectively [37]. Many
scholars have investigated the enhancement in GPS positioning by using simulated LEO
data. However, there are few studies on the effect of integrated GPS/INS positioning.

In this study, an LEO-enhanced GPS/INS tight integration algorithm was modeled.
Based on the previous GPS/INS tight integration model, LEO data were added to realize a
tight integration of GPS/LEO/INS. The remainder of this paper is organized as follows.
The mathematical model of the tight integration algorithm is presented in Section 2, where
the observation equations, state equations, robust Kalman filtering model, and algorithmic
framework are given in detail. The experimental scheme and analysis are presented in
Section 3, where the tight integration algorithm is experimentally validated using on-
board data and simulated LEO data. At the same time, the applicability of the tight
integration algorithm in a weak observation environment is simulated. A discussion of
the experimental validation results is presented in Section 4. Finally, the conclusions are
presented in Section 5.

2. GPS/LEO/INS Mathematical Models

GPS/LEO/INS tight integration uses a dual-frequency pseudo-range and Doppler
to form an innovation vector in the Kalman filter. The carrier’s position, velocity, attitude,
bias of gyroscopes and accelerometers, scale factor of gyroscopes and accelerometers,
and receiver clock offset and clock drift of GPS and LEO were selected as the estimated
parameters. In the following equations, the GPS, INS, and LEO observations are denoted
as G, I, and L, respectively.

The Kalman filter state equation for the tight integration of GPS/LEO/INS is expressed
as [38,39] .

X(t) = F(t)X(t) + G(t)w(t) (1)

where X(t) represents the system state vector, F(t) represents the system state transition
matrix, G(t) represents the system noise driving matrix, and w(t) represents the system
noise vector that follows a Gaussian normal distribution with a mean value of zero.

The observation innovation equation for the tight integration of GPS/LEO/INS is
expressed as

Zk = HkXk + vk (2)

where Hk represents the design coefficient matrix of the k epoch, and vk represents the
observed noise, which follows a Gaussian normal distribution with a mean value of zero.

2.1. Algorithm Structure

The GPS/LEO/INS tight integration algorithm is mainly composed of a GPS/INS
model, LEO/INS model, and GPS/LEO/INS model, which is illustrated in Figure 1. The
raw observations (pseudo-range observations or Doppler observations) from GPS and LEO
were used to integrate with the pseudo-range or pseudo-range rate predicted by the INS.



Electronics 2024, 13, 508 4 of 21

Figure 1. GPS/LEO/INS tight integration algorithm structure.

2.2. Observation Function of GPS/LEO/INS Tight Integration

The observation innovation vector of GPS/LEO/INS tight integration was obtained
by subtracting the dual-frequency pseudo-range and Doppler observations of GPS and
LEO (O) from the pseudo-range and Doppler values predicted by the INS (ÕINS):

Zk = O − ÕINS =

[
ZPPC

Z .
PDC

]
(3)

To obtain INS-predicted values, INS mechanization was required to update the receiver
position and velocity. However, owing to the different reference centers of the INS and
GPS/INS antenna, a lever-arm correction was required. Accordingly, the linearized function
Zk after considering the lever-arm correction can be expressed as [22,40]

δZPG
PC

= C1

(
δpn

INS +
(

Cn
bιb

G×
)

δψ
)
+cδtG (4)

δZ .
P

G
DC

= C2D−1δpn
INS + Ce

nHΨδΨ+Ce
nδvn

INS + Ce
nCn

b

(
ιb

G

)
δwb

ib+cδ
.
tG (5)

δZPL
PC

= C1

(
δpn

INS +
(

Cn
bιb

L×
)

δψ
)
+cδtL (6)

δZ .
P

L
DC

= C2D−1δpn
INS + Ce

nHΨδΨ+Ce
nδvn

INS + Ce
nCn

b

(
ιb

L

)
δwb

ib+cδ
.
tL (7)

where

D−1 = diag
(

1
RM + h

,
1

RN + h
,−1

)
(8)
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C1 =


−(RN+h)cosLsinB

RM+h −sinL −cosBcosL
−(RN+h)sinBsinL

RM+h cosL −cosBcosL
[RN(1−λ2)]cosBcosL

RM+h 0 −sinB

 (9)

C2 =
(

Cn
bιb

G

)
× (10)

where n, b, i, e, and p represent the navigation frame, body frame, inertial frame, Earth-
centered Earth-fixed coordinate system, and platform frame, respectively; δpn

INS, vn
INS, and

δΨ represent the position, velocity, and attitude correction in the n-frame, respectively; ιb
G

represents the value of the lever-arm in the b-frame for GPS; Cj
k (k = n and b, j = e and n)

represents the rotation matrix from the j-system to the k-system; δtG and δ
.
tG represent

the receiver clock offset and clock drift of GPS, respectively; wb
ib represents the gyroscope

error; C1 represents the transformation matrix from e-frame coordinates to the n-frame; C2
represents the transformation matrix related to the compensation of the lever-arm error;
RM and RN represent the radius of curvature of the meridian circle and the radius of
curvature in the prime vertical where the carrier is located, respectively; λ represents the
eccentricity of the meridian ellipse; and B, L, and h are geodetic latitude, longitude, and
height, respectively.

By combining Equations (4)–(7), the observation innovation vector for the GPS/LEO/
INS tight integration can be expressed as

Zk =


ZPG

PC
Z .

P
G
DC

ZPL
PC

Z .
P

L
DC

 =


δZPG

PC
δZ .

P
G
DC

δZPL
PC

δZ .
P

L
DC

 (11)

The design coefficient matrix of the GPS/LEO/INS tight integration can be expressed
as follows:

Hk =
[
HG

k HL
k
]

(12)

HG
k =

[
HG

PPC
HG.

PDC

]
=
[

HG
1 0 HG

2 0 0 0 0 HG
3 0

HG
4 HG

5 HG
6 0 HG

7 0 HG
8 0 HG

3

]
(13)

HL
k=

[
HL

PPC
HL.

PDC

]
=
[

HL
1 0 HL

2 0 0 0 0 HL
3 0

HL
4 HL

5 HL
6 0 HL

7 0 HL
8 0 HL

3

]
(14)

By combining Equations (13) and (14), the final design coefficient matrix of the
GPS/LEO/INS tight integration can be expressed as

Hk =


HG

PPC
HG.

PDC
HL

PPC
HL.

PDC

 =


HG

1 0 HG
2 0 0 0 0 HG

3 0 0 0
HG

4 HG
5 HG

6 0 HG
7 0 HG

8 0 HG
3 0 0

HL
1 0 HL

2 0 0 0 0 0 0 HL
3 0

HL
4 HL

5 HL
6 0 HL

7 0 HL
8 0 0 0 HL

3

 (15)

with 

H1= AC1
H2 = H1

(
Cn

bιb×
)

H3=
[
1 · · · 1

]T

H4= AD−1C2
H5= ACe

n
H6 = H4

(
Cn

bιb×
)
− H5

[(
wn

en ×+wn
ie×

)
Cn

b
(
ιb×

)
+ Cn

b
(
ιb × wb

ib
)
×
]

H7 = −H5Cn
b
(
ιb×

)
H8 = H7diag

(
wb

ib
)

(16)
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where A covers the direction cosine of the satellite–receiver vector; Cn
b and Ce

n represent
the conversion matrix from b-frame to n-frame and the conversion matrix from n-frame to
e-frame, respectively; wb

ib represents the angular rate of the gyroscope output of the b-frame
to the i-frame, sensed in the b-frame; wn

en and wn
ie represent the angular rate of the n-frame

to the e-frame and the e-frame to i-frame, sensed in the n-frame, respectively.

2.3. State Function

The state vector of INS is expressed as

X1(t) =
[
δpI δvI δΨ δBa δBg δSa δSg

]
(17)

where δpI represents position correction; δvI represents velocity correction; δΨ represents
attitude correction; δBa and δBg represent the bias corrections for the accelerometer and
gyroscope, respectively; and δSa and δSg represent the scale factor corrections for the
accelerometer and gyroscope, respectively.

The state transfer matrix of the INS is expressed as

FI(t)=



F1 F2 0 0 0 0 0
F3 F4 F5 F6 0 F7 0
0 0 F8 0 F9 0 F10
0 0 0 F11 0 0 0
0 0 0 0 F12 0 0
0 0 0 0 0 F13 0
0 0 0 0 0 0 F14


(18)

with 

F1 = [I − (wn
en×)∆t]3×3

F2 = [I∆t]3×3

F3= diag
(

−g∆t
RM+h , −g∆t

RN+h , −g∆t
2(

√
RN RM+h)

)
3×3

F4 =
[
I −

((
wn

ie + wn
in
)
∆t

)
×
]

3×3
F5 = [(fn×)∆t]3×3

F6 =
[
Cp

b∆t
]

3×3

F7 =
[
Cp

bfb∆t
]

3×3
F8 =

[
I −

(
wn

in×
)
∆t

]
3×3

F9 = [−Cn
b∆t]3×3

F10 =
[
Cp

bwb
ib∆t

]
3×3

F11= diag
(

e−∆t/TBa , e−∆t/TBa , e−∆t/TBa

)
3×3

F12= diag
(

e−∆t/TSa , e−∆t/TSa , e−∆t/TSa

)
3×3

F13= diag
(

e−∆t/TBg , e−∆t/TBg , e−∆t/TBg
)

3×3

F14= diag
(

e−∆t/TSg , e−∆t/TSg , e−∆t/TSg
)

3×3

(19)

The GPS receiver clock usually introduces a clock error which is translated into a
ranging error. The state vector of the GPS receiver clock is expressed as

XG(t) =
[
δtG δ

.
tG

]T
(20)

where δtG and δ
.
tG represent the GPS receiver clock offset and clock drift, respectively.

Similarly, the state transfer matrix of the GPS receiver clock is expressed as

FG(t) =
[

1 ∆t
0 1

]
(21)



Electronics 2024, 13, 508 7 of 21

Similarly, the state vector of the LEO receiver clock is expressed as

XL(t) =
[
δtL δ

.
tL

]T
(22)

where δtL and δ
.
tL represent the LEO receiver clock offset and clock drift, respectively.

The state transfer matrix of the LEO receiver clock is expressed as

FL(t) =
[

1 ∆t
0 1

]
(23)

Therefore, by combining Equations (17), (20), and (22), we obtain a state function for
tight integration of the GPS/LEO/INS:

.
XI(t).
XG(t).
XL(t)

=

FI(t) 0 0
0 FG(t) 0
0 0 FL(t)

XI(t)
XG(t)
XL(t)

+

GI(t) 0 0
0 GG(t) 0
0 0 GL(t)

wI(t)
wG(t)
wL(t)

 (24)

with

X(t) = [XI(t)XG(t)XL(t)]
T =

[
δpI δvI δΨ δBa δBg δSa δSg δtG δ

.
tG δtL δ

.
tL

]
(25)

In general, the states of the clock offset and clock drift of GPS and LEO can be modeled
as random walk process by means of the dynamic models:

δtk = δtk−1 + δ
.
tk−1∆t + vk−1 (26)

δ
.
tk = δ

.
tk−1 +

.
vk−1 (27)

where δtk and δ
.
tk represent the receiver clock offset and clock drift, respectively; vk−1

and
.
vk−1 represent the driving white noise of the receiver clock offset and clock drift,

respectively; and ∆t represents the interval between adjacent epochs. According to the law
of variance–covariance propagation, the prior variance can be expressed as

σ2
vk−1

= 2ch0∆t (28)

σ2.
vk−1

= 8ch2π2∆t (29)

where c represents the speed of light in vacuum and the values of h0 and h2 are related to
the model selected by the receiver crystal oscillator.

In general, accelerometer and gyroscope zero-bias errors and scale factor errors are
modeled as first-order Gauss–Markov processes, expressed as

Sk = e−∆t/TSk−1 + vSk−1 , vSk−1 ∼
(

0,2σ2∆t/T
)

(30)

Bk = e−∆t/T Bk−1 + vBk−1 , vBk−1 ∼
(

0,2σ2∆t/T
)

(31)

where ∆t and T represent the INS interval and correlation time of bias, respectively; vSk−1
and vBk−1 represent the driving white noise of scale factor and bias, respectively. The prior
variance was determined by the hardware performance of the INS.



Electronics 2024, 13, 508 8 of 21

2.4. Robust Kalman Filter

In this study, to limit the effect of low-quality observations and anomalous observa-
tions on parameter estimation, ICG-III [41] was used:

γii =


1

k0
|vi/δ|

(
k1−|vi/δ|

k1−k0

)2
,

0

|vi/δ| ≤ k0
k0<|vi/δ| < k1
|vi/δ| ≥ k0

(32)

where vi represents the observed residuals; δ represents the variance of the observed
residuals; γii represents the resistance factors calculated by equivalent weight functions; k0
and k1 are constants, for which k0 is usually 1.0–1.5 and k1 is usually 2.5–8.0.

Based on the factor of γii, Rk can be expressed as

Rk =

 γ11σ2
1 · · · γ1mσ1m

...
. . .

...
γm1σm1 · · · γmmσ2

m

 (33)

γij =
√

γiiγjj (34)

where γij is the covariance expansion factor.
Such resistance factors are applied in the Kalman filter update phase by

Kk = Pk,k−1HT
k

(
HkPk,k−1HT

k + Rk

)
(35)

Xk = Xk,k−1 + Kk(Zk − HkXk,k−1) (36)

Pk = (I − KkHk)Pk,k−1(I − KkHk)
T + KkRkKT

k (37)

Pk,k−1 = Φk,k−1Xk−1ΦT
k,k−1 + Qk−1 (38)

where Xk represents the estimated state vector at tk, Xk−1 represents the estimate at tk−1,
Pk,k−1 represents the predicted variance–covariance matrix, and Pk represents the estimated
variance–covariance matrix.

3. Experimental Tests and Evaluations

To present the performance of our method, a set of experiment tests and two simulation
tests are arranged and analyzed.

3.1. Data Collection

A field test, based on a vehicle being outfitted with a GPS receiver and a tactical-grade
IMU (POS320), was arranged around complex urban environments (tall buildings, large
trees, etc.) in Beijing on 17 December 2020, with the corresponding trajectory in Figure 2.
The details of the IMU are shown in Table 1. Since there are no available LEO navigation
satellites operated in orbit, we simulated two commonly used low-orbit constellations,
namely the inclined orbit constellation and the polar orbit constellation, with a total of
160 satellites providing global coverage. The orbital altitude of the LEO satellites is 970 km.
There are 70 satellites in six polar orbits with an orbital inclination of 90 degrees and
90 satellites in 10 inclined orbits with an orbital inclination of 60 degrees. The simulated LEO
observations mainly include the satellite clock error, tidal error, Earth rotation, relativistic
effect, tropospheric delay, phase winding, and other simulated errors. The sampling rates of
the GPS, LEO, and IMU tests were 1 Hz, 1 Hz, and 200 Hz, respectively. The GPS RTK/INS
tight integration algorithm provided by the NovAtel Inertial Explorer (IE) software serves
to generate the reference values of positions.
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Figure 2. Test trajectory.

Table 1. Technical parameters of the POS320.

IMU

Sampling
Rate Bias Random Walk

Hz Gyro. ◦/h Acc. mGal Angular
◦/s/

√
h

Velocity
m/s/

√
h

POS320 200 0.5 25 0.05 0.1

3.2. Data Quality Analysis

Based on those measured GPS observations, INS data, and simulated LEO data, six
modes, namely GPS, LEO, GPS/LEO integration, GPS/INS tight integration, LEO/INS
tight integration, and GPS/LEO/INS tight integration, were analyzed. GPS and LEO modes
indicate single-system positioning, and GPS/LEO, GPS/INS, LEO/INS, and GPS/LEO/INS
modes indicate integrated positioning between GPS, LEO, or INSs. Since the data quality
is one of the most important and direct factors for positioning accuracy, the data quality
in terms of available GPS satellite number, LEO satellite number, the Position Dilution of
Precision (PDOP), multipath noise, and signal-to-noise ratio (SNR) [42,43] are analyzed in
this section.

The PDOP is the spatial geometric intensity factor of satellite distribution. Generally,
when the satellite distribution is better, the PDOP value is smaller, and a value generally
less than 3 is the ideal state. The number of available GPS and LEO satellites is shown in
Figure 3, and the corresponding PDOP is shown in Figure 4. As is shown, the availability
of GPS satellites during this test is low, which leads to some epochs with fewer than
four satellites and even no available satellites. Relatively, more than five LEO satellites
are available during such a period. According to the statistics, the numbers of available
satellites on average for GPS, LEO, and GPS/LEO are 7.0, 9.5, and 16.5, respectively, and
the corresponding PDOP is 3.4, 2.0, and 1.1. It is clearly visible that both the number of
available satellites has increased and the geometry structure has improved. After applying
LEO satellites, the smaller the corresponding PDOP, the better the satellite distribution, and
theoretically the higher the positioning accuracy.
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Figure 3. Time series of the number of available satellites for GPS, LEO, and GPS/LEO.

Figure 4. Time series of PDOP for GPS, LEO, and GPS/LEO.

In addition, the multipath error and SNR are direct indicators for the quality assess-
ment of GPS observations. The multipath error is related to the satellite positions, satellite
altitude angle, and user environments. Those mentioned issues could lead to pseudo-range
multipath errors with a maximum code width of 0.5, which has a significant impact on
positioning accuracy and is difficult to eliminate [43]. As shown in Figures 5 and 6, the
pseudo-range multipath on GPS L1-frequency and L2-frequency observations for those
observed satellites are within ±3.8 m, with a corresponding RMSE of 0.396 m and 0.489 m.
Analyzing the SNR, it can be seen that L2 has a lower SNR than L1, and the lower SNR
makes L2 more susceptible to multipath errors.

Figure 5. Multipath and SNR on GPS L1 pseudo-range.
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Figure 6. Multipath and SNR on GPS L2 pseudo-range.

In view of the above analysis of PDOP, multipath, and SNR, more observations and
better spatial geometry can be provided in the integrated mode, which can improve its
positioning performance.

3.3. Enhancements in LEO and Robust Theory on GPS/INS Tight Integration

The RMSE was used to evaluate the deviation between the estimated and reference
values and the Cumulative Distribution Function (CDF) was used to estimate the probability
distribution of the positioning error. Therefore, RMSE and CDF can be used to evaluate
positioning errors and their distribution characteristics effectively, respectively:

RMSE =

√√√√ 1
N

N

∑
i=1

(
Xi − X̂

)2 (39)

CDF(Y)= P(Y ≤ y) (40)

where Xi represents the estimated value; X̂ represents the reference value; N and P repre-
sent the number of estimates and the probability, respectively; and Y and y represent the
random variable and the independent variable, respectively.

3.3.1. Enhancements in Robust Theory on GPS/INS Tight Integration

The n-frame is the basic coordinate system used in INS algorithms. The uniform
transformation of the positioning results to the navigation coordinate system can maintain
consistency. So, the position differences between the reference values and the solutions
calculated by the models of GPS/INS tight integration (GPS/INS), robust GPS/INS tight
integration (GPS/INS-RKF), GPS/LEO/INS tight integration (GPS/LEO/INS), and robust
GPS/LEO/INS tight integration (GPS/LEO/INS-RKF) were first projected in the n-frame
and then analyzed. According to the results and statistics presented in Figures 7 and 8,
the performance of GPS/INS and GPS/LEO/INS could be improved after applying the
robust algorithm, especially for the GPS/INS tight integration mode. The statistical RMSE
values showed that the position results of the GPS/INS-RKF in the north, east, and vertical
directions were improved to 2.61 m, 2.34 m, and 2.83 m, respectively, with corresponding
improvement percentages of 44.23%, 64.81%, and 72.36% compared to those of GPS/INS.
The position results of the GPS/LEO/INS-RKF mode in the three directions were 2.38 m,
1.94 m, and 2.49 m, respectively, with corresponding improvements of 8.11%, 1.52%,
and 2.73%. Meanwhile, it can be observed that the GPS/INS mode delivers the worst
positioning results compared to other modes, due to the significant enhancement provided
by the robust theory and LEO observations. For the GPS/LEO/INS mode, the introduction
of LEO can improve its positioning results to a certain extent, so the robust theory has
no significant enhancement effect on it than the GPS/INS mode. Since the impact of
the robust theory is significant, the following assessments are all based on the robust
theory-augmented models.
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Figure 7. Coordinate time series with respect to reference trajectory under the GPS/INS, GPS/INS-
RKF, GPS/LEO/INS, and GPS/LEO/INS-RKF modes.

Figure 8. RMSE of position difference for the GPS/INS, GPS/INS-RKF, GPS/LEO/INS, and
GPS/LEO/INS-RKF modes.

3.3.2. Enhancements in LEO on GPS/INS Tight Integration

In this section, four modes, namely robust GPS (GPS), robust GPS/LEO integration
(GPS/LEO), robust GPS/INS tight integration (GPS/INS), and robust GPS/LEO/INS tight
integration (GPS/LEO/INS), were analyzed. According to the results in Figure 9, the GPS-
only solutions were significantly affected by the available GPS satellites. After obtaining
enhancements from LEO satellites and INSs, the positioning results were significantly
improved. By comparing the solutions of GPS/LEO and GPS/LEO/INS with those without
LEO augmentation, the average enhancements provided by LEO were about 11.81%, 16.47%,
and 10.57% in the north, east, and vertical directions, respectively. Based on the CDF of
the position offsets for these four modes in Figure 10, the percentages for those epochs
with position offsets within 5 m in the north direction were 92.6%, 98.5%, 93.5%, and
94.7%, respectively, for the GPS, GPS/LEO, GPS/INS, and GPS/LEO/INS modes. Such
percentages in the east direction were 93.8%, 94.2%, 95.8%, and 97.4%, and they were
90.3%, 94.4%, 90.5%, and 93.0% in the vertical direction. Given the above CDF trends, the
integrated GPS/LEO, GPS/INS and GPS/LEO/INS modes offer better stability and higher
accuracy than the single GPS mode.
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Figure 9. Coordinate time series with respect to reference trajectory under the GPS, GPS/LEO,
GPS/INS, and GPS/LEO/INS modes.

Figure 10. Cumulative Distribution Function of position difference for the GPS, GPS/LEO, GPS/INS,
and GPS/LEO/INS modes.
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In general, LEO satellites improve the geometry between the user and the satellite
(GPS and LEO satellites) and provide more observational data. Accordingly, the stability,
continuity, and accuracy of GPS and GPS/INS were significantly improved after adding
LEO enhancements. With the completion of the LEO constellations in the future, the
positioning accuracy of the current GPS/INS integrated navigation can be further im-
proved, which is of great significance for integrated navigation models both for vehicle and
airborne applications.

3.4. Performance under GPS with Low-Observability Conditions

The results above have proven that both LEO satellites and robust theory are effective
in upgrading the performance of GPS and GPS/INS tight integration. In this section, we
further evaluate the performance of the presented method under the low observability of
GPS satellites, i.e., in complex and harsh urban environments.

In harsh environments, GPS signals may be partially or completely lost, which leads to
poor positioning performance. To address this, we simulated the partial GPS loss condition
based on the raw GPS observations, and these simulated data were processed by using
GPS/LEO and GPS/LEO/INS modes, aiming to analyze the enhancement effects of LEO
and INSs under weak GPS conditions. Figure 11 shows the results for the conditions with
1, 2, 3, and 4 available GPS satellites integrated with LEO satellites, which contributed
significantly to the GPS positioning accuracy under weak GPS conditions. Along with the
decreasing number of available GPS satellites, the fluctuations in the positioning offsets in
the north, east, and vertical directions were kept small and tended to stabilize in general,
which is due to the augmentation of LEO satellites. According to the RMSE for the position
in the GPS/LEO mode using 1, 2, 3, and 4 available GPS satellites in Figure 12, the RMSEs
of GPS/LEO using four available GPS satellites were 3.90 m, 3.66 m, and 4.10 m in the
north, east, and vertical directions, respectively, and such values when using one available
GPS satellite were 4.30 m, 5.54 m, and 4.96 m in the three directions. Significantly, the
impact of the low observability of GPS satellites is constrained visibly after introducing the
LEO satellites, even when only one GPS satellite is available.

Figure 11. Coordinate time series with respect to reference trajectory under the GPS/LEO mode
using 1, 2, 3, and 4 available GPS satellites.
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Figure 12. RMSE of position difference for the GPS/LEO mode using 1, 2, 3, and 4 available
GPS satellites.

Figure 13 shows the results for 1, 2, 3, and 4 available GPS satellites under GPS/LEO/
INS tight integration. Under weak GPS conditions, LEO and INSs contributed significantly
to the GPS positioning results with smooth fluctuations during the whole period. Similar
to the conclusions in the above test, there is no visible position accuracy change while
the number of available GPS satellites decreases from 4 to 1. According to the RMSE in
Figure 14, the positioning RMSE was 3.64 m, 2.16 m, and 2.79 m in the north, east, and
vertical directions when using one available GPS satellite, and the RMSEs of these using
four GPS satellites were 2.38 m, 1.94 m, and 2.49 m, respectively. For a pseudo-range-
based vehicle positioning method, such a positioning accuracy loss is acceptable. The
results in this section show that LEO satellites are helpful in upgrading the pseudo-range-
based positioning.

Figure 13. Coordinate time series with respect to reference trajectory under the GPS/LEO/INS mode
using 1, 2, 3, and 4 available GPS satellites.
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Figure 14. RMSE of position difference for the GPS/LEO/INS mode using 1, 2, 3, and 4 available
GPS satellites.

3.5. Performance under LEO with Low-Observability Conditions

Similar to GPS, LEO signals may also be partially or completely lost in complex and
harsh environments. To present the performance of our method under such conditions,
we simulated partial LEO outages. Figure 15 shows the results for the conditions with
1, 2, 3, and 4 available LEO satellites to integrate with GPS satellites, which contributed
significantly to the LEO positioning accuracy under weak LEO conditions. Along with the
decreasing number of available LEO satellites, the fluctuations in the positioning offsets in
the north, east, and vertical directions were kept small and tended to stabilize in general,
which is due to the augmentation of GPS satellites. According to the RMSE for the position
in the GPS/LEO mode using 1, 2, 3, and 4 available LEO satellites in Figure 16, the RMSEs of
GPS/LEO using 1 available LEO satellite were 3.99 m, 4.12 m, and 3.94 m in the north, east,
and vertical directions, respectively, and such values when using 4 available LEO satellites
were 2.4 m, 3.41 m, and 3.50 m in the north, east, and vertical directions, respectively.
Significantly, with the increase in available LEO satellites, the performance of GPS satellite
positioning has improved to a certain extent.

Figure 15. Coordinate time series with respect to reference trajectory under the GPS/LEO mode
using 1, 2, 3, and 4 available LEO satellites.
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Figure 16. RMSE of position difference for the GPS/LEO mode using 1, 2, 3, and 4 available
LEO satellites.

Figure 17 shows the results for 1, 2, 3, and 4 available LEO satellites under GPS/LEO/
INS tight integration. Under weak LEO conditions, GPS and INSs contributed significantly
to the LEO positioning results with smooth fluctuations during the whole period. Similar
to the conclusions in the above test, there was no visible position accuracy change while
the number of available LEO satellites decreased from 4 to 1. According to the RMSE in
Figure 18, the positioning RMSE was 2.635 m, 2.463 m, and 2.739 m in the north, east, and
vertical directions when using 1 available LEO satellite, respectively, while the RMSEs of
these when using 4 available LEO satellites were 2.519 m, 2.05 m, and 2.540 m, respectively.
So the results in this section show that enhancing the integrated navigation approach with
LEO observations has explicitly improved vehicle navigation in harsh environments and
allows for more stable and extensive applications.

Figure 17. Coordinate time series with respect to reference trajectory under the GPS/LEO/INS mode
using 1, 2, 3, and 4 available LEO satellites.
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Figure 18. RMSE of position difference for the GPS/LEO/INS mode using 1, 2, 3, and 4 available
LEO satellites.

4. Discussion

The above field tests and simulation tests have proven the contributions of our method
in upgrading the positioning accuracy for vehicles under harsh environments. As a
summary, we list the RMSE values of position offsets for the GPS, GPS/LEO, GPS/INS,
GPS/INS-RKF, GPS/LEO/INS, and GPS/LEO/INS-RKF modes in Figures 8 and 19. It
can be found that positioning accuracy can be improved by using the robust theory and
LEO satellites. In general, the position improvement percentages provided by the robust
algorithm are 26.17%, 33.17%, and 37.55%, and such percentages provided by LEO are
11.81%, 16.47%, and 10.57% in the north, east, and vertical directions, respectively. In
addition, the INS brings 20.55%, 37.10%, and 26.37% improvements, respectively. The
reasons are as follows: (1) The robust theory in Section 2.4 has the capability to restrain or
remove the impact of low-accuracy observations and to smooth the position time series.
(2) The LEO satellites have lower orbits, faster speeds, and stronger signals. They have
two benefits: (a) they improve the geometry structure between users and satellites (GPS
and LEO), and (b) they provide many more observations that can be used in parameter
estimation. (3) Due to the introduction of LEO, the enhancement in the GPS/LEO/INS
mode was smaller than that in the GPS/LEO mode, but the enhancement in the results in
the GPS/LEO/INS mode was very large. The results in this mode from the introduction of
an INS are due to the enhancements from the INS [27–29].

Figure 19. RMSE of position difference for the GPS, GPS/LEO, GPS/INS, and GPS/LEO/INS modes.
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5. Conclusions

The meter-level positioning method is widely needed for vehicle-related applications
at present. Currently, the GPS pseudo-range-based SPP is widely used. However, such
SPP has visible drawbacks, especially for the continuity and reliability in complex and
harsh environments. To solve two such problems, this paper presented a robust theory
and LEO-enhanced GPS/INS tight integration method. To validate such a method, a set
of vehicle data and simulated LEO data were used. The corresponding results illustrated
the following: (1) The robust theory can control low-quality observations and abnormal
observations, with position improvements on average about 32.29%. (2) The LEO satellites
can improve the geometry structure and provide many more observations. The position
improvements on average are about 12.95%. (3) The GPS/LEO/INS tight integration has
the highest positioning accuracy, with RMSEs of 2.38 m, 1.94 m, and 2.49 m in the north,
east, and vertical directions, respectively, with corresponding improvement percentages of
30.21%, 47.43%, and 34.13% compared to those of GPS, and such percentages are 8.60%,
17.24%, and 12.14% compared to those of GPS/INS, respectively. Based on our works
in this paper, we will focus on precise positioning by using the GNSS, LEO, and INS
measurements in the future. At the same time, it is necessary to focus on the differences
between LEO and GNSS systems, such as LEO’s data quality control, cycle slip detection,
and error correction.

Author Contributions: Conceptualization, S.Z., R.T. and Z.G.; methodology, S.Z., R.T. and Z.G.;
software, S.Z., R.T. and Z.G.; investigation, S.Z., R.T. and Z.G.; data curation, S.Z., R.T., Z.G. and P.Z.;
writing—original draft preparation, S.Z.; writing—review and editing, S.Z., R.T., Z.G., P.Z., S.W. and
X.L.; visualization, S.Z. and Z.G.; funding acquisition, R.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the program of the National Natural Science Foundation
of China (Grant Nos. 41974032, 42274019, and 42104020), National Time Service Center, Chinese
Academy of Sciences, Rui Tu.

Data Availability Statement: The data generated or analyzed during this study are available from
the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank anonymous reviewers who gave valuable
suggestions that helped to improve the quality of the manuscript. All authors have read and agreed
to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Hofmann-Wellenhof, B.; Lichtenegger, H.; Wasle, E. GPS-Global Navigation Satellite Systems: GPS, GLONASS, Galileo, and More;

Springer Science and Bysiness Media: Berlin/Heidelberg, Germany, 2007.
2. Chai, D.; Wang, S.; Lu, X.; Shi, B. The research of high-frequency single-epoch GPS kinematic differential positioning technology.

In China Satellite Navigation Conference (CSNC) 2016 Proceedings; Springer: Berlin/Heidelberg, Germany, 2016.
3. Groves, P. Principles of GNSS, inertial, and multi-sensor integrated navigation systems. Ind. Robot 2013, 67, 191–192.
4. Shi, E. An improved real-time adaptive Kalman filter for low-cost integrated GPS/INS navigation. In Proceedings of the 2012

International Conference on Measurement, Information and Control, Harbin, China, 18–20 May 2012.
5. Edwards, S.; Cross, P.; Barnes, J.; Betaille, D. A Methodology for Benchmarking Real Time Kinematic GPS. Surv. Rev. 1999, 35,

163–174. [CrossRef]
6. Teunissen, P.; Khodabandeh, A. Review and principles of PPP-RTK methods. J. Geod. 2015, 89, 217–240. [CrossRef]
7. Gerhard, W.; Schmitz, M.; Bagge, A. PPP-RTK: Precise Point Positioning Using State-Space Representation in RTK Networks. In

Proceedings of the International Technical Meeting of the Satellite Division of the Institute of Navigation, Long Beach, CA, USA,
13–16 September 2005.

8. Odolinski, R.; Teunissen, P.; Dennis, O. Combined BDS, Galileo, QZSS and GPS single-frequency RTK. GPS Solut. 2015, 19,
151–163. [CrossRef]

9. Leandro, R.; Santos, M.; Langley, R. Analyzing GNSS data in precise point positioning software. GPS Solut. 2011, 15, 1–13.
[CrossRef]

10. Zumberge, J.; Heflin, M.; Jefferson, D.; Watkins, M.; Webb, F. Precise point positioning for the efficient and robust analysis of GPS
data from large networks. J. Geophys. Res. Solid Earth 1997, 102, 5005–5017. [CrossRef]

https://doi.org/10.1179/sre.1999.35.273.163
https://doi.org/10.1007/s00190-014-0771-3
https://doi.org/10.1007/s10291-014-0376-6
https://doi.org/10.1007/s10291-010-0173-9
https://doi.org/10.1029/96JB03860


Electronics 2024, 13, 508 20 of 21

11. Kouba, J.; Heroux, P. Precise point positioning using IGS orbit and clock products. GPS Solut. 2001, 5, 12–28. [CrossRef]
12. Takasu, T.; Yasuda, A. Development of the low-cost RTK-GPS receiver with an open source program package RTKLIB. In

Proceedings of the International Symposium on GPS/GNSS, Jeju, Republic of Korea, 4–6 November 2009.
13. Zhang, X.; Li, X. Instantaneous re-initialization in real-time kinematic PPP with cycle slip fixing. GPS Solut. 2012, 16, 315–327.
14. Gao, Z.; Zhang, H.; Ge, M.; Niu, X.; Shen, W.; Wickert, J.; Schuh, H. Tightly coupled integration of ionosphere-constrained precise

point positioning and inertial navigation systems. Sensors 2015, 15, 5783–5802. [CrossRef]
15. Angrisano, A.; Petovello, M.; Pugliano, G. Benefits of Combined GPS/GLONASS with Low-Cost MEMS IMUs for Vehicular

Urban Navigation. Sensors 2012, 12, 5134–5158. [CrossRef]
16. Chiang, K.; Duong, T.; Liao, J. The Performance Analysis of a Real-Time Integrated INS/GPS Vehicle Navigation System with

Abnormal GPS Measurement Elimination. Sensors 2013, 13, 10599–10622. [CrossRef]
17. Christian, E.; Lasse, K.; Heiner, K. Real-Time Single-Frequency GPS/MEMS-IMU Attitude Determination of Lightweight UAVs.

Sensors 2015, 15, 26212–26235.
18. Liu, D.; Wang, H.; Xia, Q.; Jiang, C. A Low-Cost Method of Improving the GNSS/SINS Integrated Navigation System using

Multiple Receivers. Electronics 2020, 9, 1079. [CrossRef]
19. Zhao, L.; Blunt, P.; Yang, L.; Ince, S. Performance Analysis of Real-Time GPS/Galileo Precise Point Positioning Integrated with

Inertial Navigation System. Sensors 2023, 23, 2396. [CrossRef] [PubMed]
20. Lai, L.; Meng, X.; Zhao, D.; Li, X.; Guo, W.; Li, L. PPP/INS Tight Integration with BDS-3 PPP-B2b Service in the Urban

Environment. Sensors 2023, 23, 2652. [CrossRef] [PubMed]
21. Siouris, G. Aerospace Avionics System: A Modern Synthesis; Academic Press: Cambridge, MA, USA, 1993.
22. Shin, E. Estimation Techniques for Low-Cost Inertial Navigation. Ph.D. Thesis, University of Calgary, Calgary, AB, Canada, 2005.
23. Godha, S.; Cannon, M. GPS/MEMS INS integrated system for navigation in urban areas. GPS Solut. 2007, 11, 193–203. [CrossRef]
24. Gao, Z.; Zhang, H.; Ge, M.; Niu, X.; Shen, W.; Wickert, J.; Schuh, H. Tightly coupled integration of multi-GNSS PPP and MEMS

inertial measurement unit data. GPS Solut. 2017, 21, 377–391. [CrossRef]
25. Yao, Y.; Xu, X.; Zhu, C.; Chan, C. A hybrid fusion algorithm for GPS/INS integration during GPS outages. Measurement 2017, 103,

42–51. [CrossRef]
26. Rabbou, M.; El-Rabbany, A. Tightly coupled integration of GPS precise point positioning and MEMS-based inertial systems. GPS

Solut. 2015, 19, 601–609. [CrossRef]
27. Le, A.; Lorga, J. Combining Inertial Navigation System With GPS Precise Point Positioning: Flight Test Results. In Proceedings

of the International Technical Meeting of the Satellite Division of the Institute of Navigation, Fort Worth, TX, USA, 26–29
September 2006.

28. Roesler, G.; Martell, H. Tightly Coupled Processing of Precise Point Positioning (PPP) and INS Data. In Proceedings of the 22nd
International Technical Meeting of the Satellite Division of The Institute of Navigation (ION GNSS 2009), Savannah, GA, USA,
22–25 September 2009; pp. 1898–1905.

29. Zhang, X.; Zhu, F.; Tao, X.; Duan, R. New optimal smoothing scheme for improving relative and absolute accuracy of tightly
coupled GNSS/SINS integration. GPS Solut. 2017, 21, 861–872. [CrossRef]

30. Hong, J.; Tu, R.; Zhang, P.; Zhang, R.; Han, J.; Fan, L.; Wang, S.; Lu, X. GNSS rapid precise point positioning enhanced by low
Earth orbit satellites. Satell. Navig. 2023, 4, 11. [CrossRef]

31. Wang, Z.; Li, Z.; Wang, L.; Wang, N.; Yang, Y.; Li, R.; Zhang, Y.; Liu, A.; Yuan, H.; Hoqu, M. Comparison of the real-time precise
orbit determination for LEO between kinematic and reduced-dynamic modes. Measurement 2021, 187, 110224. [CrossRef]

32. Wang, Z.; Wang, L.; Li, Z.; Hoque, M.; Wang, N.; Wei, D.; Yuan, H. Real-time Precise Orbit Determination for FY-3C and FY-3D
based on BDS and GPS Onboard Observation. IET Radar Sonar Navig. 2023, 17, 1213–1229. [CrossRef]

33. Ke, M.; Jing, L.; Jiang, C.; Dai, W.; Zhu, M. Integrating GPS and LEO to accelerate convergence time of precise point positioning.
In Proceedings of the 2015 International Conference on Wireless Communications & Signal Processing (WCSP), Nanjing, China,
15–17 October 2015; pp. 1–5.

34. Ge, H.; Li, B.; Ge, M.; Zang, N.; Nie, L.; Shen, Y.; Schuh, H. Initial Assessment of Precise Point Positioning with LEO Enhanced
Global Navigation Satellite Systems (LeGNSS). Remote Sens. 2018, 10, 984. [CrossRef]

35. Li, X.; Li, X.; Ma, F.; Yuan, Y.; Zhang, X. Improved PPP Ambiguity Resolution with the Assistance of Multiple LEO Constellations
and Signals. Remote Sens. 2019, 11, 408. [CrossRef]

36. Li, X.; Ma, F.; Li, X.; Lv, H.; Bian, L.; Jiang, Z.; Zhang, X. LEO constellation-augmented multi-GNSS for rapid PPP convergence. J.
Geod. 2018, 93, 749–764. [CrossRef]

37. Zhao, Q.; Pan, S.; Gao, C.; Gao, W.; Xia, Y. BDS/GPS/LEO triple-frequency uncombined precise point positioning and its
performance in harsh environments. Measurement 2019, 151, 107216. [CrossRef]

38. Hu, G.; Gao, S.; Zhong, Y. A derivative UKF for tightly coupled INS/GPS integrated navigation. ISA Trans. 2015, 56, 135–144.
[CrossRef]

39. Han, H.; Wang, J.; Du, M. GPS/BDS/INS tightly coupled integration accuracy improvement using an improved adaptive
interacting multiple model with classified measurement update. Chin. J. Aeronaut. 2018, 31, 556–566. [CrossRef]

40. Min, Y.; Gao, Z.; Lv, J.; Lan, R.; Xu, Q.; Yang, C. Low-Cost IMU and Odometer Tightly Augmented PPP-B2b-Based Inter-Satellite
Differenced PPP in Urban Environments. Remote Sens. 2023, 15, 199. [CrossRef]

https://doi.org/10.1007/PL00012883
https://doi.org/10.3390/s150305783
https://doi.org/10.3390/s120405134
https://doi.org/10.3390/s130810599
https://doi.org/10.3390/electronics9071079
https://doi.org/10.3390/s23052396
https://www.ncbi.nlm.nih.gov/pubmed/36904600
https://doi.org/10.3390/s23052652
https://www.ncbi.nlm.nih.gov/pubmed/36904855
https://doi.org/10.1007/s10291-006-0050-8
https://doi.org/10.1007/s10291-016-0527-z
https://doi.org/10.1016/j.measurement.2017.01.053
https://doi.org/10.1007/s10291-014-0415-3
https://doi.org/10.1007/s10291-017-0601-1
https://doi.org/10.1186/s43020-023-00100-x
https://doi.org/10.1016/j.measurement.2021.110224
https://doi.org/10.1049/rsn2.12413
https://doi.org/10.3390/rs10070984
https://doi.org/10.3390/rs11040408
https://doi.org/10.1007/s00190-018-1195-2
https://doi.org/10.1016/j.measurement.2019.107216
https://doi.org/10.1016/j.isatra.2014.10.006
https://doi.org/10.1016/j.cja.2017.12.011
https://doi.org/10.3390/rs15010199


Electronics 2024, 13, 508 21 of 21

41. Yang, Y.; Song, L.; Xu, T. Robust estimator for correlated observations based on bifactor equivalent weights. J. Geod. 2002, 76,
353–358. [CrossRef]

42. Bilich, A.; Larson, K. Mapping the GPS multipath environment using the signal-to-noise ratio (SNR). Radio Sci. 2007, 42, 13.
[CrossRef]

43. Axelrad, P.; Comp, J.; Macdoran, F. SNR-based multipath error correction for GPS differential phase. IEEE Trans. Aerosp. Electron.
Syst. 1996, 32, 650–660. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00190-002-0256-7
https://doi.org/10.1029/2007RS003652
https://doi.org/10.1109/7.489508

	Introduction 
	GPS/LEO/INS Mathematical Models 
	Algorithm Structure 
	Observation Function of GPS/LEO/INS Tight Integration 
	State Function 
	Robust Kalman Filter 

	Experimental Tests and Evaluations 
	Data Collection 
	Data Quality Analysis 
	Enhancements in LEO and Robust Theory on GPS/INS Tight Integration 
	Enhancements in Robust Theory on GPS/INS Tight Integration 
	Enhancements in LEO on GPS/INS Tight Integration 

	Performance under GPS with Low-Observability Conditions 
	Performance under LEO with Low-Observability Conditions 

	Discussion 
	Conclusions 
	References

