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Abstract: To solve the problem of location service interruption that is easily caused by incomplete
visual satellite environments such as occlusion, urban blocks and mountains, we propose an altimeter
+ inertial navigation system (INS) + giant low earth orbit (LEO) dual-satellite (LEO2) switching
integrated navigation algorithm based on a similar ellipsoid model and unscented Kalman filter
(UKF). In addition to effectively improving the INS error, for the INS + LEO dual-satellite switching
algorithm without altimeter assistance, our algorithm can also significantly suppress the problem
of excessive navigation and positioning error caused by this algorithm in a long switching time, it
does not require frequent switching of LEO satellites, and can ensure navigation and positioning
functions without affecting LEO satellite communication services. In addition, the vertical dilution
of precision (VDOP) value can be improved through the clock error elimination scheme, so, the
vertical accuracy can be improved to a certain extent. For different altimeter deviations, we provide
simulation experiments under different altimeter deviations; it can be found that after deducting
the fixed height deviation, the algorithm can also achieve good accuracy. Compared with other
typical algorithms, our proposed algorithm has higher accuracy, lower cost and stronger real-time
performance, and is suitable for navigation and positioning scenarios in harsh environments.

Keywords: LEO; altimeter; double star; similar ellipsoid; integrated navigation; switching; navigation
and positioning

1. Introduction

At present, the global navigation satellite system’s (GNSS’s) high-precision navigation,
positioning and timing functions make it widely used in military, traffic, remote sensing
and mapping fields [1–3]. It has many advantages such as global positioning under
all-weather conditions, short observation time, and no requirement for intervisibility
between observation stations. However, it also has some imperfections, for example, it
is easily affected by physical space environmental factors. Moreover, due to the limited
number of satellites, communication in harsh environments such as urban blocks, bridges,
tunnels, and canyons leads to insufficient GNSS signal strength [4]. In addition, in practical
applications, the continuous positioning of the GNSS receiver can not be guaranteed due
to satellite failure and carrier attitude change, which leaves the navigation and positioning
in an incomplete state. Moreover, to recover from this incomplete state and relocate also
consumes a certain amount of time, which is fatal for some real-time applications.
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Compared with the traditional medium earth orbit (MEO) constellation and highly
elliptical orbit (HEO) constellation navigation system, the low earth orbit (LEO) constel-
lation satellite has the advantages of fast movement, closer proximity to the earth and
low manufacturing cost, such that the LEO constellation has fast positioning convergence,
small propagation delay, and rapid deployment. On the one hand, it can be used as a global
high-speed data broadcasting channel; since low-orbit communication satellites have larger
signal bandwidth and higher information rate, they can be used as the broadcast channel
for satellite navigation basic messages and differential correction messages. Since the low
orbit constellation is networked around the world, the broadcast range can cover the whole
world; when broadcasting basic navigation messages, it can shorten the time to first fix
(TTFF) of the receiver cold start, which plays a role similar to assisted global positioning
system (AGPS). Additionally, when broadcasting differential correction messages, it can
achieve wide-area accuracy enhancement and serve as a precise point positioning (PPP)
system. On the other hand, due to the low orbit and fast motion of LEO satellites, the
correlation of the observation equations between adjacent epochs is weaker than that of
MEO and HEO satellites, so it can also be combined with other types of constellations
for fast PPP [5]. In addition, when LEO satellites function as communication satellites,
they can eliminate the clock bias between LEO satellites and user receivers through a
communication method similar to full-duplex (FD); the accuracy requirements for user
clocks are relatively lower, therefore, the preferred constellation scheme is more suitable
for the integration of communication and navigation (ICN) [6].

Exploring the navigation enhancement application of LEO constellation. Several studies
have discussed the applicability of navigation in low earth orbit (LEO), described the satel-
lites in today’s LEO, their role in navigation, the possible LEO constellation configuration
in the future, and provided the required mathematical background [7–9]. At the level
of constellation design, to overcome the shortcomings of traditional LEO constellations
that use monopolar or near-polar orbits for global coverage, which leads to fewer visible
satellites at low latitudes, Reference [10] used genetic algorithms to optimize several hybrid
LEO enhanced constellations, the algorithm can provide the possibility of 100% global
coverage through one to three LEO satellites used for broadband internet access. A new
algorithm is used that is based on the LEO constellation, using a differential carrier phase
measurement architecture which can effectively solve the integer ambiguity solution [11],
but the algorithm is similar to the MEO constellation-based integer ambiguity solution
algorithm. Reference [12] gave a virtual wideband (VWB) receiver architecture, discussed
the applicability of the signal provided by the PNT service on the giant LEO constellation,
and analyzed the Doppler upper limit level that could be tolerated, however, although
VWB can tolerate harsh Doppler conditions and reduce the required processing bandwidth,
LEO has a limited time to pass the zenith; long-term band occupation will waste band
resources and cause unstable frequency sources, and the error increases with time.

Aiming at the difficulty of navigation and positioning caused by the lack of visible satellites.
References [13,14] designed a low-order Kalman filter for the BeiDou double-star posi-
tioning system, and the successive approximation method was used to solve the problem
of position lag in the BeiDou double-star system. The actual sports car verification was
carried out, however, the low order filter will bring some problems, such as phase lag, low
sensitivity and poor smoothing effect, which will affect the final navigation and positioning
effect. To overcome the shortcomings of the BeiDou dual-satellite navigation and position-
ing system with active positioning, a new passive positioning algorithm was developed
that was based on the data collected by two synchronous satellites, as well as the atomic
clock and altimeter carried by the user and through a grid search which realized passive
positioning [15]. However, this algorithm required the assistance of an atomic clock, which
undoubtedly increases the size, power consumption and cost of the device. Reference [16]
was given an elevation model of the BeiDou double-star navigation and positioning system
and combined with two BeiDou satellites for positioning; the simulation results proved
that the algorithm had the characteristics of fast convergence and accurate positioning.
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The algorithm can be regarded as a typical traditional double star + altimeter navigation
and positioning algorithm; the application in some challenging environments will be re-
stricted. Reference [17] proposed a dual-satellite positioning algorithm to improve the
positioning performance under the satellite signal gap; the algorithm used the previously
stored positioning data under complete navigation conditions to simplify the positioning
equation, since the clock deviation lasts for a short time, so, the method requires only two
visible satellites to obtain accurate positioning results without calculating clock deviations,
but the premise of the algorithm is to store navigation data under complete conditions,
and requires high clock stability, it is known that the algorithm will also be affected by
navigation lag and face the problem of high equipment cost. Aiming at the problem that
the GNSS receiver cannot achieve positioning due to insufficient available satellites un-
der incomplete conditions, a navigation and positioning algorithm based on multi-epoch
double-differential pseudorange observation (MDPO) is proposed, which uses multi-epoch
observations to reduce the number of navigation satellites required [18]; obviously, this
algorithm requires multiple observations to achieve positioning solution.

The solution is aimed at the situation where global positioning system (GPS) signals
may be accidentally shielded in complex and challenging environments such as obstruc-
tions, urban blocks and mountains. Reference [19] considered accessing the stronger signal
transmitted from the LEO communication satellite system to assist GPS services; the al-
gorithm used the Doppler frequency shift as the measurement value and developed a
positioning algorithm based on Doppler measurement, but the algorithm can only be
used as an enhanced system to assist GPS in navigation and positioning. Reference [20]
proposed a comprehensive navigation algorithm based on a giant low earth orbit (LEO)
constellation; the algorithm realizes alternate switching of ranging by introducing a real
ranging value and a virtual ranging value. That approach is different from the traditional
dual-satellite integrated navigation algorithm in that it can complete accurate real-time
navigation and positioning without the aid of an altimeter and continuous observation,
however, in this algorithm, when the switching time is relatively large, the positioning
error may deteriorate, especially when switching is based on the same orbit. Reference [21]
proposed a combined navigation and positioning algorithm based on the relative motion
information measured by the INS, the position information of the two satellites and the
pseudorange information at multiple times under the scenario of only 2 visible satellites;
this algorithm can ensure stable, reliable navigation and positioning results, similarly, the
algorithm also needs to observe through continuous position information.

Our article makes full use of the many advantages of the LEO constellation, and
considers using it as a tentative study of a navigation and positioning scheme for the
whole system rather than an augmented system. When only two visible LEO satellites
are available, the proposed algorithm can effectively complete the precise navigation and
positioning service by alternately switching, and combining with the altimeter under the
establishment of a reasonable elevation measurement model. In Section 2 of the article,
on the basis of the principle of altimeter height measurement, based on the concept of
similar ellipsoids, the observations related to user elevation are established, and derivation
is carried out we then describe the basic principle and process of the algorithm in detail.
In Section 3, we established the state equations and measurement equations of the entire
system. In Section 4, by setting the simulation conditions and parameters reasonably,
simulation experiments were performed on different scenarios and the qualitative and
quantitative analysis results were given; at the same time, our algorithm was compared
with other typical algorithms. Our conclusions are given in the last section of the article.

2. Algorithm Principle

The principle of the algorithm is similar to that in Reference [20], and the difference is
that we have considered the altimeter and established a reasonable elevation model. For the
convenience of analysis, we will briefly restate the algorithm described in Reference [20];
similarly, we will also perform calculations regardless of the clock bias—the clock bias was
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eliminated by an FD method in default, and the improvement of the vertical dilution of
precision (VDOP) brought about by the clock bias elimination is analyzed. At the same
time, we also use strap-down INS and the WGS-84 Earth-centered Earth-Fixed (ECEF)
coordinate system for analysis and modeling.

2.1. The Principle of Barometric Height Measurement and Its Auxiliary Positioning Algorithm
2.1.1. The Principle of Barometric Pressure Measurement

Generally, the information obtained by measuring air pressure can assist the GNSS
navigation and positioning system to increase the availability of the corresponding sys-
tem [22]. The positioning accuracy of GNSS system in the vertical direction is relatively
poor, especially in areas with large topographic relief, such as a winding road section or
for high building structures, however, with the help of an altimeter, we can measure the
relative height of the moving carrier, and effectively improve the accuracy of the system
in the elevation direction. Common altimeters include a barometric altimeter and a radar
altimeter; here, we use a barometric altimeter for analysis.

In practical engineering applications, the barometric altimeter measures the height of
the moving carrier, the change of local atmospheric pressure, and the relative height that
changes due to geographical changes based on the law of atmospheric pressure changes.
We know that the air pressure will decrease as the height increases. According to this
law, we can use the following formula to determine the height information of the moving
carrier [23]:

Hk =
Tt

∇t
[(

P0

Ps
)
−( Rd∇t

g0
)

− 1] (1)

where Tt is the surface temperature,∇t = 6.5 × 10−3 K m−1 is the atmospheric temperature
gradient, P0 is the atmospheric pressure at height z, Ps = 1013, 25 h Pa, Rd = 278.1 J · kg−1 ·K−1

is the gas constant (under dry air conditions), and g0 = 9.80665 m · s−2.

2.1.2. Clock Bias Elimination and Altimeter-Assisted Positioning Algorithm Based on
Similar Ellipsoid

(1) Elevation information model based on similar ellipsoid

According to the WGS84 coordinate system, we regard the earth as an ellipsoid, and
we assume that the moving carrier is located on an ellipsoid that coincides with the center
of the earth model, the semi-major axis (equatorial radius), semi-minor axis (polar radius),
and the radii of the unitary circle coincide, and the eccentricity is equal; we call the earth
(small ellipsoid) and the large ellipsoid similar ellipsoids. Suppose that the true position
of the ECEF coordinate of the carrier on the large ellipsoid is (xc, yc, zc), and the reference
ECEF coordinate position on the earth (small ellipsoid) is (x′c, y′c, z′c); to use the related
properties of similar ellipsoids, we first prove that the two ellipsoids are similar.

Definition 1. Ellipsoids with coincident centers, long semi axis (equatorial radius), short semi axis
(polar radius), overlapping radius of prime unitary circle and equal eccentricity are similar ellipsoids.

Theorem 1. Assume that the semi-major axes of the small ellipsoid (Earth) and the large ellipsoid
are: Re, RE, and the semi-minor axes are: Rp, RP, and the radii of the circle at the same latitude are:
RS, RL, which is shown in Figure 1. If a large ellipsoid is similar to a small ellipsoid, it should have:

RE
Re

=
RP
Rp

=
RL
RS

(2)
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Figure 1. 2-dimensional schematic diagram of similar ellipsoid.

Proof: Let the spatial geodetic coordinate system (WGS-84) be attached to the reference
ellipsoid. Since the reference ellipsoid is symmetrical around the z-axis, we can convert the
three-dimensional ellipsoid into a two-dimensional plane rectangular coordinate system
for analysis. �

From the definition:

e2 =
R2

E − R2
P

R2
E

=
R2

e − R2
p

R2
e

. (3)

So we can get:
RE
Re

=
RP
Rp

. (4)

Since the moving carrier is located at point A on the large ellipsoid and the plane
coordinate is (xc, zc), the slope of the straight line AO1 is [16]:

tan θLat =
R2

E

R2
P
· z

x
. (5)

We cross point A1 to make the normal line of the small ellipse and the polar axis
intersects at point O2, the angle between the straight line A1O2 and the x-axis is θ′Lat, and
now cross point A1 to make the tangent of the small ellipse and the x-axis intersect at point
Q1, and the angle with the x-axis is φ. The slope of the tangent A1Q1 is [16]:

− tan φ = − tan(
π

2
− θ′Lat) = − cot θ′Lat = −

R2
p

R2
e

· x′c
z′c

= − 1
R2

e
R2

p
· z′c

x′

. (6)

We use A and A1, respectively, to make the vertical line of the x-axis and cross the
x-axis at the two points of M and N. According to the principle of triangle similarity, we
can obtain ∆APM ∼ ∆A1PN, then:

xc

zc
=

x′c
z′c

. (7)

Then from Equations (4)–(7), we can obtain:

tan θLat · tan φ = −1. (8)

From the Formula (8), it can be seen that A1Q1 and the straight line AO1 are perpen-
dicular to each other. Furthermore, we cross point A to make the tangent of the large ellipse
and the x-axis intersect at point Q; then from Equation (8) and its conclusion, we can see
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that the straight line A1Q1 is parallel to the straight line AQ, that is to say, the straight lines
of the primary unitary circle radii passing through points A1 and A are coincident.

According to the formula of the primary unitary circle radius of the small ellipse and
the large ellipse at latitude θLat, we can obtain [24]: RS = Re√

1−e2 sin2 θLat

RL = RE√
1−e2 sin2 θLat

= Re + Hk
. (9)

Then there are:
RL
RS

=
RE
Re

=
RS + Hk

RS
. (10)

From Equations (4) and (10), we can obtain: RE
Re

= RP
Rp

= RL
RS

; at this point, the proof
process is complete.

Since the height of the moving carrier is changing, the large ellipsoid also changes
momentarily, but this does not affect the relative properties of similar ellipsoids. Accord-
ing to the point A(xc, yc, zc) on the large ellipsoid where the moving carrier is located
and the measured height information is Hk, an ellipsoid equation can be approximately
established [25]:

x2
c

ρ2
0k

+
y2

c

ρ2
0k

+
z2

c

ρ2
Pk

= 1, (11)

where ρ0k = Re + Hk, ρPk = Rp + Hk, Re = 6378.137 km, and Rp = 6356.752 km.
In addition, since the clock bias between the receiver carried by the moving carrier

and the LEO satellite was considered to be completely eliminated, that is, we do not
need to consider the solution of the clock bias at this time, we only need the pseudorange
measurement information of the two satellites in order to complete the positioning solution.

(2) The improvement principle of VDOP by elimination of clock bias

When the clock bias between the receiver on the moving carrier and the LEO satel-
lites is eliminated by exploiting the two-way communication link [6], we assume that
the coordinates of each LEO satellite in the ECEF coordinate system are (xi, yi, zi), and

ρiLEO =
√
(xi − xc)

2 + (yi − yc)
2 + (zi − zc)

2 represents the pseudorange measurement
value to the i-th satellite. We omit the complicated derivation and directly give the corre-
sponding geometric matrix as follows:

H† =


∂ρ1LEO

∂xc

∂ρ1LEO
∂yc

∂ρ1LEO
∂zc

∂ρ2LEO
∂xc

∂ρ2LEO
∂yc

∂ρ2LEO
∂zc

∂ρ3LEO
∂xc

∂ρ3LEO
∂yc

∂ρ3LEO
∂zc

, (12)

where there are: 
∂ρiLEO

∂xc
= (xc−xi)

ρiLEO
|xc = xΘ

∂ρiLEO
∂yc

= (yc−yi)
ρiLEO

|yc = yΘ
∂ρiLEO

∂zc
= (zc−zi)

ρiLEO
|zc = zΘ

, (13)

and where (xΘ, yΘ, zΘ) is the nominal position solution of (xc, yc, zc).
The covariance matrix of the position becomes:

cov(Pos) =

 σ2
xc σ2

xcyc σ2
xczc

σ2
xcyc σ2

yc σ2
yczc

σ2
xczc σ2

yczc σ2
zc

. (14)
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Let HΞ =
[
(H†)

T H†
]−1

, then:

cov(Pos) =

 HΞ
xx HΞ

xy HΞ
xz

HΞ
xy HΞ

yy HΞ
yz

HΞ
xz HΞ

yz HΞ
zz

σ2
URE, (15)

where σ2
URE is the variance of the user ranging error (URE), and σ2

xc , σ2
yc , and σ2

zc are the
variances of the corresponding components of each positioning error, respectively. Finally,
VDOP can be expressed as:

VDOP =
σ2

zc

σ2
URE

=
√

HΞ
zz. (16)

It can be seen that when the clock bias is eliminated, the covariance matrix is indepen-
dent of the clock state; at this time, VDOP will become smaller, since the precision factor
can be regarded as a linear mapping from the measurement error in the observation to
the state estimation error. In the case of the same measurement error, a smaller precision
factor will make the error of the state estimation smaller; this is important for improving
the VDOP value, because the receiver cannot receive evenly distributed signals from the
satellite at the zenith position and it is impossible to receive signals from the other side of
the earth.

2.2. Introduction to UKF Algorithm and Its Implementation Steps

In actual engineering applications, the systems we encounter are often non-linear
systems, and the use of standard Kalman filtering often cannot strictly meet the required
conditions. Therefore, under normal circumstances, we can solve practical problems
through the extended Kalman filter Jacobian (EKF) algorithm. However, in essence, the
EKF algorithm is a linearization method for nonlinear estimation problems. It needs to ob-
tain the analytical form of the system to calculate the Jacobian matrix. When encountering
strong nonlinear problems, the estimation accuracy is significantly reduced. To overcome
the shortcomings of the EKF algorithm and to avoid the calculation of the Jacobian matrix,
which is computationally intensive and error-prone, Julier et al. proposed an unscented
Kalman filter (UKF) algorithm based on an unscented transformation (UT) transforma-
tion [26,27]. The UKF algorithm approximates the probability density distribution of the
nonlinear function, and uses a series of determined samples to approximate the posterior
probability density of the state, instead of approximating the nonlinear function, and does
not need to derive to calculate the Jacobian matrix. The UKF algorithm does not linearize
and ignores higher-order terms, so the accuracy of the nonlinear sub-statistics is higher.
Based on this, we use the UKF algorithm for filtering estimation in the article. The specific
solving steps of the UKF algorithm are as follows:

We consider the following nonlinear system:{
Xk+1 = f (Xk, θk)
Yk = h(Xk) + vk

. (17)

where, Xk is the state variable of the system, Yk is the observation vector, θk is the process
noise of the system, and vk is the measurement noise. We assumed that the process
noise and the measurement noise have Gaussian distributions, and there is no correlation
between the two. Under this assumption, we can obtain the UKF filtering algorithm design
process as follows:

1© Initialization
For Equation (17), the augmented state vector X̂∗ and state covariance matrix D∗

are used:
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(1) State initialization {
X̂0 = E{X0}
D0 = E{(X0 − X̂0)(X0 − X̂0)

T}
. (18)

(2) Expanded dimension processing
X̂∗0 = E{X∗0} =

[
X̂0

Om×1

]
D∗0 = E{(X∗0 − X̂∗0 )(X∗0 − X̂∗0 )

T} =

 D0 0 0
0 Q 0
0 0 R

 . (19)

where m is the dimensionality of the system process noise, O is the zero matrix, and
the Sigma point set Xi(i = 0, 1, · · · , 2L) is as follows:

X0 = X
Xi = X + (

√
(L + µ)DX)i, i = 1, 2, · · · , L

Xi = X− (
√
(L + µ)DX)i, i = L + 1, L + 2, · · · , 2L

. (20)

where X is an L-dimensional random variable that satisfies the nonlinear equa-
tion Y = g(X). We assume that the mean of the variable X is X; the variance of
X is DX; (

√
(L + µ)DX)i represents the i-th row of the square root of (L + µ)DX;

µ = α2(L + k)− L, where, α describes the extent of the Sigma point around the mean;
and k is the adjustment parameter.
2© Calculate the sampling point

Combining Equation (20), using mean X̂∗k−1 and variance D∗k−1, calculate 2L + 1

sampling points: X∗i,k−1 = [(Xl
i,k−1)

T
(Xθ

i,k−1)
T
]
T

.


X∗0,k−1 = X̂∗k−1

X∗i,k−1 = X̂∗k−1 + (
√
(L + µ)D∗k−1)i

, i = 1, 2, · · · , L

X∗i,k−1 = X̂∗k−1 − (
√
(L + µ)D∗k−1)i−L

, i = L + 1, L + 2, · · · , 2L

. (21)

3© Time update

(1) State one-step prediction matrix:

Xl
i,k/k−1 = f (Xl

i,k−1, Xθ
i,k−1), i = 0, 1, · · · , 2L . (22)

(2) State mean weighted processing:

X̂−k =
2L

∑
i=0

κ
(n)
i Xl

i,k/k−1. (23)

where, κi(i = 0, 1, · · · , 2L) is the weight corresponding to the Sigma point set Xi:
κ
(n)
0 = µ/(L + µ)

κ
(j)
0 = µ/(L + µ) + (1− α2 + β)

κ
(n)
i = κ

(j)
i = 1/(2(L + 1)), i = 1, 2, · · · , 2L

. (24)

where β describes the system distribution information. To determine the mean and
variance of Y, we can transform Y = g(X) to get point Yi = g(Xi), and calculate
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the mean and variance of Yi according to the obtained point Y and the correspond-
ing weights: 

Y =
2L
∑

i=0
κ
(n)
i Yi

DY =
2L
∑

i=0
κ
(j)
i (Yi −Y)(Yi −Y)T

. (25)

(3) State variance weighted processing:

D−k =
2L

∑
i=0

κ
(j)
i (Xl

i,k/k−1 − X̂−k )(Xl
i,k/k−1 − X̂−k )

T
. (26)

(4) One-step observation equation of state:

Yi,k/k−1 = h(Xl
i,k/k−1), i = 0, 1, · · · , 2L . (27)

(5) Observation weighting processing:

Ŷ−k =
2L

∑
i=0

κ
(n)
i Yi,k/k−1. (28)

4©Measurement update

(1) Covariance matrix weighting processing of the observations:

DYkYk =
2L

∑
i=0

κ
(j)
i (Yi,k/k−1 − Ŷ−k )(Yi,k/k−1 − Ŷ−k )

T. (29)

(2) Covariance matrix weighting processing of the state value and observation value:

DXkYk =
2L

∑
i=0

κ
(j)
i (Xl

i,k/k−1 − X̂−k )(Yi,k/k−1 − Ŷ−k )
T. (30)

(3) Filter gain matrix:
KUKF = DXkYk D−1

YkYk
. (31)

(4) State estimation equation:

X̂k = X̂−k + KUKF(Yk − Ŷ−k ). (32)

(5) Estimated error variance matrix:

Dk = D−k − KUKFDYkYk KUKF
T. (33)

We can see from the calculation process of the UKF filter that the UKF filter does
not need to be linearized, which avoids the introduction of linearization errors, thereby
improving the estimation accuracy. In addition, the UKF filter simplifies greatly the
implementation effort; it is precisely because of this that the UKF filter is widely used in
the field of navigation and positioning [28].

2.3. Standard INS + LEO Dual-Satellite (LEO2) + Altimeter Integrated Navigation
and Positioning

The principle of the standard INS + LEO dual-satellite (LEO2) switching + altime-
ter integrated navigation algorithm is: First, we use satellite ephemeris data stored by
broadband LEO satellites. The position of the satellite in the orbital coordinate system
can be calculated, and then converted to the ECEF coordinate system, so as to obtain
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the coordinate position of the satellite in the ECEF coordinate system. Then the satellite
position of the adjacent time can be differentiated to obtain the satellite’s velocity. Then
use the position and velocity information which is provided by the INS, and combine with
data from an altimeter of the carrier, thereby we can obtain the elevation information. Then
use the information to calculate the distance and distance rate relative to the position and
speed of the INS, respectively. Subsequently, we determine the difference of the above
measured values, and then use them as the filtered observations of UKF, so as to obtain the
best estimation value of the LEO satellite and INS error. Finally, the errors of LEO satellite
and INS systems are calibrated, respectively. The schematic diagram is shown in Figure 2.

Figure 2. Standard INS + LEO2 + altimeter integrated navigation and positioning principle diagram.

According to the description in Figure 2, we assume that the ECEF coordinate of
satellite 1 is (x1, y1, z1), the ECEF coordinate of satellite 2 is (x2, y2, z2), and the moving
carrier coordinate obtained by the INS solution is (xINS, yINS, zINS). ρ1LEO and ρ2LEO
represent the actual ranging values of satellite 1 and satellite 2 to the moving carrier’s
true distance obtained by satellite 1 and satellite 2 in real time through the ephemeris,
respectively; ρ1INS and ρ2INS represent the distance between the current satellite position
calculated by satellite 1 and satellite 2 through the ephemeris to the moving carrier position
obtained by the INS solution, respectively. HINS is the height value of the carrier position
given by the INS, and HRe is the height value measured by the altimeter of the moving
carrier receiver. Based on this, we can list the following equations:

ρ1LEO =
√
(x1 − xc)

2 + (y1 − yc)
2 + (z1 − zc)

2

ρ2LEO =
√
(x2 − xc)

2 + (y2 − yc)
2 + (z2 − zc)

2

ρ1INS =
√
(x1 − xINS)

2 + (y1 − yINS)
2 + (z1 − zINS)

2

ρ2INS =
√
(x2 − xINS)

2 + (y2 − yINS)
2 + (z2 − zINS)

2

x2
c

ρ2
0−INS

+ y2
c

ρ2
0−INS

+ z2
c

ρ2
P-INS

= 1
x2

c
ρ2

0−Re
+ y2

c
ρ2

0−Re
+ z2

c
ρ2

P-Re
= 1

. (34)

where ρ0−INS = Re + HINS, ρP-INS = Rp + HINS, ρ0−Re = Re + HRe, ρP-Re = Rp + HRe,
regardless of HINS or HRe, which can be determined from the standard atmosphere model
Formula (1).
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According to Equation (17), we calculate the difference between the first term and the
third term, the second term and the fourth term, and the last two terms of the equation,
respectively; we then obtain:

ρ̂1−INS = ρ1LEO − ρ1INS
ρ̂2−INS = ρ2LEO − ρ2INS

ρ0 = ( 1
ρ2

0−Re
− 1

ρ2
0−INS

)/( 1
ρ2

P-Re
− 1

ρ2
P-INS

) = z2
c

x2
c+y2

c

. (35)

Then use ρ̂1−INS, ρ̂2−INS and ρ0 = ( 1
ρ2

0−Re
− 1

ρ2
0−INS

)/( 1
ρ2

P−Re
− 1

ρ2
P−INS

) as the filtering

observations of the system algorithm, and then through the UKF filtering algorithm, finally,
the three-dimensional position of the moving carrier is solved.

2.4. INS + LEO2 Alternate Switching + Altimeter Integrated Navigation Algorithm
2.4.1. Algorithm Description

According to the minimum geometric dilution precision (GDOP) satellite selection
algorithm [6,29], two LEO satellites whose positions are visible at any time during the
flight of the moving carrier are selected, and we temporarily name them LEO-1 and LEO-2.
Similarly, we assume that the ECEF coordinates of the moving carrier measured by INS
extrapolation are (x̆c, y̆c, z̆c). ρ̆1 and ρ̆2 represent the measurements between the satellite
position calculated by satellite 1 and satellite 2 through the ephemeris to the moving carrier
position measured by INS extrapolation in real time, respectively, since they are not actual
measurements, so we call them virtual ranging values [20]. Subsequently, the two satellites
alternately switch periodically with the real ranging value and the virtual ranging value,
and the switching period is ∆t. The schematic diagram is shown in Figure 3.

Figure 3. INS + LEO2 alternate switching + altimeter integrated navigation algorithm principle diagram.

2.4.2. Algorithm Processing Flow

According to Figure 3, at time T1, let LEO-1 use the real ranging value ρ1LEO and
LEO-2 use the virtual ranging value ρ̆2. At this time, we can obtain:

ρ1LEO =
√
(x1 − xc)

2 + (y1 − yc)
2 + (z1 − zc)

2

ρ̆2 =
√
(x2 − x̆c)

2 + (y2 − y̆c)
2 + (z2 − z̆c)

2

ρ1INS =
√
(x1 − xINS)

2 + (y1 − yINS)
2 + (z1 − zINS)

2

ρ2INS =
√
(x2 − xINS)

2 + (y2 − yINS)
2 + (z2 − zINS)

2

x2
c

ρ2
0−INS

+ y2
c

ρ2
0−INS

+ z2
c

ρ2
P-INS

= 1
x2

c
ρ2

0−Re
+ y2

c
ρ2

0−Re
+ z2

c
ρ2

P-Re
= 1

. (36)
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Similar to the processing of Formula (17), we use the following difference of Formula
(19) as the filtering observation of the system algorithm.

ρ̂1−INS = ρ1LEO − ρ1INS
ρ̂2̆−INS = ρ̆2 − ρ2INS
ρ0 = ( 1

ρ2
0−Re
− 1

ρ2
0−INS

)/( 1
ρ2

P-Re
− 1

ρ2
P-INS

)
. (37)

At time T2 = T1 + ∆T, let LEO-1 use the virtual ranging value ρ̆1 and let LEO-2 use
the real ranging value ρ2LEO. At this time, we can obtain:

ρ̆1 =
√
(x1 − x̆c)

2 + (y1 − y̆c)
2 + (z1 − z̆c)

2

ρ2LEO =
√
(x2 − xc)

2 + (y2 − yc)
2 + (z2 − zc)

2

ρ1INS =
√
(x1 − xINS)

2 + (y1 − yINS)
2 + (z1 − zINS)

2

ρ2INS =
√
(x2 − xINS)

2 + (y2 − yINS)
2 + (z2 − zINS)

2

x2
c

ρ2
0−INS

+ y2
c

ρ2
0−INS

+ z2
c

ρ2
P-INS

= 1
x2

c
ρ2

0−Re
+ y2

c
ρ2

0−Re
+ z2

c
ρ2

P-Re
= 1

. (38)

In the same way, we use the following difference in Equation (21) as the filtering
observation of the system algorithm.

ρ̂1̆−INS = ρ̆1 − ρ1INS
ρ̂2−INS = ρ2LEO − ρ2INS
ρ0 = ( 1

ρ2
0−Re
− 1

ρ2
0−INS

)/( 1
ρ2

P-Re
− 1

ρ2
P-INS

)
. (39)

From now on, this alternate switching process will be repeated, that is, every ∆T time,
the real and virtual ranging value of LEO-1 and LEO-2 are switched, until the end of the
whole flight test time of the moving carrier.

3. Establishment of Integrated Navigation Model
3.1. State Equation and Measurement Equation
3.1.1. INS State Equation

The error state equation of INS can be described as [6]:

.
U INS(t) = AINS(t)UINS(t) + BINS(t)VINS(t), (40)

where the state variable UINS(t) is as follows:

UINS = [ Φ1×3 V1×3 Λ1×3 ψ1×3 Γ1×3 ]
T , (41)

in the formula Φ1×3= [ϕE, ϕN , ϕU ] represents the attitude matrix of the moving car-
rier’s roll angle, pitch angle and yaw angle, respectively; and Λ1×3= [δL, δλ, δh] rep-
resents the moving carrier’s latitude, longitude and altitude error matrix, respectively.
V1×3 = [δVE, δVN , δVU ] represents the velocity error matrix; ψ1×3= [ψE, ψN , ψU ] repre-
sents the first-order Markov shift matrix of the gyroscope; Γ1×3 = [ΓE, ΓN , ΓU ] is the
first-order Markov shift matrix of the accelerometer; and E, N and U represent the east,
north and up directions of the east-north-up coordinate system, respectively.

The process noise matrix is:

VINS(t) = [ v1×3 ω1×3 ]
T , (42)

where v1×3 = [vx, vy, vz] is the random drift noise matrix of the accelerometer, and
ω1×3= [ωx, ωy, ωz

]
is the random drift noise matrix of the gyroscope.
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AINS(t) ∈ R15×15 and BINS(t) ∈ R15×6 are the state transition matrix and the noise
driving matrix, respectively.

3.1.2. LEO’s Equation of State

The state equation of the giant LEO system can be described as [20]:

.
ULEO(t) = BLEO(t)VLEO(t), (43)

where VLEO(t) =
[

σtu
σtru

]
, BLEO(t) =

[
1 0
0 1

]
, and σtu and σtru are Gaussian white noise

with mean value of zero.
Combining Formulas (11) and (23), finally, the state equation of the whole combined

system is as follows:[ .
U INS(t).
ULEO(t)

]
= AINS(t)UINS(t) +

[
BINS(t) 0

0 BLEO(t)

][
VINS(t)
VLEO(t)

]
. (44)

3.2. Measurement Equation of Integrated Navigation System

The observation equations of INS and LEO based on the pseudorange and pseudor-
ange rate are as follows [6]: {

Yρ = RρX + Wρ.
Yρ =

.
RρX +

.
Wρ

. (45)

After sorting, the measurement equations for the tight combination of INS and LEO
can be obtained as follows:

Y(t) = R(t)X(t) + W(t) =

[
Yρ(t).
Yρ(t)

]
=

[
Rρ(t).
Rρ(t)

]
X(t) +

[
Wρ(t).
Wρ(t)

]
, (46)

where Rρ = [ON×6Rρ1ON×6Rρ2],
.
Rρ = [ON×3

.
Rρ1ON×9

.
Rρ2], N is the number of satellites,

Wρ =
[

Wρ1 Wρ2 Wρ3
]T and

.
Wρ =

[ .
Wρ1

.
Wρ2

.
Wρ3

]T
are white noise matri-

ces; and 

Rρ1 =
[

αixc
αiyc

αizc

]
3×3

δECEF
Lλh

.
Rρ1 =

[
αixc

αiyc
αizc

]
3×3

δECEF
ENU

Rρ2 =
[
−1 0

]
.
Rρ2 =

[
−1 0

] , (i = 1, 2, 3) , (47)

where αixu =
xc−xi

LEO
ρi

, αiyu =
yc−yi

LEO
ρi

, αizu =
zc−zi

LEO
ρi

; ρi represents the actual distance
between the moving carrier and the corresponding LEO satellite, i represents the i-th
satellite, (xi

LEO, yi
LEO, zi

LEO) is the LEO satellite position calculated by ephemeris; δECEF
Lλh

represents the coordinate conversion matrix from longitude, latitude and altitude to the
ECEF coordinate system, and δECEF

ENU represents the coordinate conversion matrix from the
ENU coordinate system to the ECEF coordinate system.

3.3. Other Error Models

Other error models for the INS and LEO satellites, such as the gyro error, accelerometer
error, ephemeris error, ionospheric and tropospheric error models can be found in the
References [24,30,31]. For interference models, such as line-of-sight (LOS)/non-line-of-sight
(NLOS), multipath interference model, noise and other interference models can refer to the
References [20,32–37]. Here, our noise interference model is consistent with the Gaussian
noise interference model adopted in Reference [20]; in addition, due to the complexity of
multipath modeling, we will not consider it here.
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4. Simulation Experiment
4.1. System and Initial Parameter Settings
4.1.1. Experimental Parameters

For the system simulation, we take the SpaceX core constellation; the flight trajectory
is composed of level flight, turning, climbing, and acceleration, and the main parameters
are shown in Tables 1 and 2 [38,39].

Table 1. Main parameters of the system.

Orbital Parameters Value

Cycle (min) 120
Height (km) 1150
Orbit radius (km) 7521
Inclination (◦) 53
Track surface number 32
Number of satellites on a single orbital surface 50
Total number of satellites 1600

Table 2. Initial parameter setting of orbit.

Parameter Type Value

Initialization position error (0 m, 0 m, 0 m)ENU
Initialization velocity error (0 m/s, 0 m/s, 0 m/s)ENU
Initialization attitude error (0◦, 0◦, 0◦)ENU
Initial position (50.425◦ N, −3.5958◦ E, 10,000 m)
Initializing velocity 200 m/s
Initial attitude 0◦/Roll, 0◦/Pitch, 90◦/Yaw

4.1.2. Experimental Situation

The experiment selects the best two visible satellites LEO-1 and LEO-2 during the flight
of the carrier according to the GOP selection satellite algorithm, and the corresponding
PRN number is given, respectively. Due to the low orbit of the LEO satellite, according to
Kepler’s law of motion, it can be known that the LEO satellite moves very fast, which will
lead to a very short time for the LEO satellite to pass the zenith, therefore, we must switch
between satellites and we set the switching time to 5, 10, 30, 60 and 90 s, respectively [20].
In addition, to explore the navigation and positioning performance of the algorithm under
different altimeter deviations, so as to provide a reference basis for practical engineering
application, we divide the altimeter deviation into three scenarios: no deviation, fixed
deviation ±5 m and fixed deviation ±20 m. See Table 3 for all parameters.

Table 3. The main parameter settings of the experimental situation.

Parameter Value

Satellite elevation 10◦

Same orbit experimental satellite LEO-1:PRN = 233, LEO-2:PRN = 245
Adjacent orbit experimental satellite LEO-1:PRN = 245, LEO-2:PRN = 269
Switching time ∆t 5, 10, 30, 60, 90 s

Altimeter deviation No deviation, fixed deviation ±5 m, fixed
deviation ±20 m

4.2. Experimental Results
4.2.1. INS + LEO2 + Unbiased Altimeter and No Altimeter Scenario Experiment under the
Same Orbit

According to the parameter settings in Tables 1–3, in the same orbit, the experimental
results of the INS + LEO2 switching + unbiased altimeter algorithm are shown in Figure 4.
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At the same time, the experiment of the INS + LEO2 switching without an altimeter
algorithm under the same orbit is also given. As a comparison, we included the standard
INS + LEO2 switching navigation and positioning algorithm and the standard INS + LEO2
switching + altimeter navigation and positioning algorithm. Where, INS means pure INS
navigation algorithm; the standard INS + two LEO satellites alternate switching ranging
algorithm; we abbreviate it as: Standard INS + LEO2. Similarly, for the standard INS +
two LEO satellites alternate switching ranging + altimeter algorithm, we abbreviate it as:
Standard INS + LEO2 + Altimeter; unbiased altimeter + ∆t s switching algorithm of two
LEO satellites, we abbreviate it as: unbiased altimeter + ∆t s switching, the value of ∆t is
shown in Table 3; and the alternate switching algorithm of two LEO satellites without the
aid of an altimeter is abbreviated as ∆t s switching. In addition, the meaning of each y-axis
title is as follows, EPE: east position error; NPE: north position error; UPE: up position error,
the meaning of velocity error is similar, while in attitude error, AEE: attitude error of east,
other abbreviated meanings by analogy, there is no special description in the following
diagrams, and all can be understood according to the above abbreviations.

Figure 4. Experimental results of INS + LEO2 + unbiased altimeter and no altimeter scenarios under
the same orbit.
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From Figure 4, we can see that the INS + LEO2 switching + unbiased altimeter
navigation and positioning algorithm can also effectively suppress the divergence of INS.
Compared to the INS + LEO2 switching algorithm without an altimeter, after combining
the altimeter, the algorithm can effectively suppress the divergence of various errors under
relatively large switching times (such as 60 and 90 s). In this way, the large switching
time divergence can be suppressed without frequent switching of LEO satellites, which
can ensure the navigation and positioning functions without affecting the communication
services of the LEO satellites. We count the final trajectory errors of the larger switching
times of 60 and 90 s, as shown in Figure 5.

Figure 5. Under the same orbit, the navigation and positioning error statistics of the INS + LEO2
switching + unbiased altimeter algorithm and the INS + LEO2 switching algorithm when the
switching time is 60 and 90 s, respectively.

From Figure 5, we can obtain that with the assistance of the altimeter, when the switch-
ing time is 60 s, comparing with the INS + LEO2 switching algorithm, the INS + LEO2
switching + unbiased altimeter navigation and positioning algorithm in longitude, lati-
tude and altitude’s errors improve by 35.19%, 23.13% and 99.66%, respectively, and the
corresponding standard deviation performance improve by 59.27%, 52.91% and 96.89%,
respectively. When the switching time is 90 s, comparing with the INS + LEO2 switching
algorithm, the INS + LEO2 switching + unbiased altimeter navigation and positioning
algorithm in longitude, latitude and altitude’s errors improve by 50.50%, 37.55%, and
99.70%, respectively, and the corresponding standard deviation performance values im-
prove by 59.93%, 54.77% and 94.25%, respectively. It can be seen that due to the addition of
the altimeter, the new algorithm has the most obvious improvement in height error, this
result is consistent with the analysis result in Section 2.1.2, and we will not analyze it in
detail here.

4.2.2. INS + LEO2 + Unbiased Altimeter and No Altimeter Scenario Experiment under
Adjacent Tracks

According to the parameter settings in Tables 1–3, in adjacent orbits, the experimental
results of the INS + LEO2 switching + unbiased altimeter algorithm and the INS + LEO2
switching algorithm in adjacent orbits are shown in Figure 6. Similarly, as a comparison,
we also included the standard INS + LEO2 switching navigation and positioning algorithm,
and the standard INS + LEO2 switching + altimeter navigation and positioning algorithm
as a reference.

From Figure 6 we can see that, in addition to effectively suppressing the divergence of
INS, the INS + LEO2 + unbiased altimeter algorithm in adjacent orbits can also suppress the
error divergence problem of the INS + LEO2 switching algorithm under a longer switching
time, especially when the switching time is 90 s. The final trajectory error statistical results
of the two algorithms at 60 and 90 s are shown in Figure 7.

From Figure 7 we can obtain that, with the aid of the altimeter, when the switching time
is 60 s, comparing with the INS + LEO2 switching algorithm, the INS + LEO2 switching
+ unbiased altimeter navigation and positioning algorithm in longitude, latitude and
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altitude’s errors improve by 3.13%, 49.45% and 97.58%, respectively, and the corresponding
standard deviations improve by 43.27%, 31.85% and 92.21%, respectively. When the
switching time is 90 s, comparing with the INS + LEO2 switching algorithm, the INS +
LEO2 switching + unbiased altimeter navigation and positioning algorithm in longitude,
latitude and altitude’s errors improve by 59.88%, 47.96% and 99.58%, respectively, and the
corresponding standard deviation performances improve by 74.00%, 60.22% and 93.41%,
respectively. It can be found that the addition of an altimeter also improves the height error
considerably, and the principle is the same as that under the same orbit.

Figure 6. The experimental results of the INS + LEO2 + unbiased altimeter and no altimeter scenarios
under adjacent orbits.



Remote Sens. 2021, 13, 4099 18 of 23

4.2.3. Comparison of Unbiased Altimeters under the Same and Adjacent Orbit

To verify the pros and cons of the navigation and positioning algorithms under the
same orbit and adjacent orbits after combining the altimeter, we compare the two algo-
rithms by simulation. Figure 8 shows the comparison of the effect of INS + LEO2 switching
+ unbiased altimeter positioning algorithms under the same orbit and adjacent orbits.

Figure 7. Under the adjacent orbit, the navigation and positioning error statistics of Table 2. Switching
+ unbiased altimeter algorithm and the INS + LEO2 switching algorithm when the switching times
are 60 and 90 s, respectively.

Figure 8. Comparison of the effect of INS + LEO2 switching + unbiased altimeter positioning
algorithm under the same and adjacent orbits.

From Figure 8 we can see that whether it is position error, or velocity error and attitude
error, the effect of INS + LEO2 switching + unbiased altimeter positioning algorithm in
adjacent orbits is better than that of the INS + LEO2 switching + unbiased altimeter in
the same orbit positioning algorithm; this is also true in terms of trajectory error. We take
the statistical results of Figures 5 and 7 as an example: when the switching time is 60 s,
compared to the INS + LEO2 switching + unbiased altimeter positioning algorithm under
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the same orbit, in terms of mean statistics, the INS + LEO2 switching + unbiased altimeter
positioning algorithm in the errors of longitude, latitude and altitude have improved
by 80.38%, 49.43% and 27.52%, respectively, and the corresponding standard deviations
have improved by 57.38%, 54.65 and 8.28%, respectively. When the switching time is
90 s, in terms of mean value statistics, the INS + LEO2 switching + unbiased altimeter
positioning algorithm under adjacent orbits, the errors of longitude, latitude and altitude
have improved by 40.42%, 40.07% and 2.57%, respectively, and the corresponding standard
deviations have improved by 56.53, 41.99% and 20.49%, respectively. It can be seen that the
use of adjacent orbits is still better than the same orbit, there are similar conclusions at other
switching times; due to space limitations, we will not make too many arguments here.

4.2.4. Comparison of Different Altimeter Deviation Algorithms under Fixed
Switching Time

Altimeters have important applications in some areas of life safety. According to
reports, in 2009, Flight TK1951 was caused by the “−8 feet (approximately −2.4 m)”
accident during the approach phase, which was a disaster that caused the aircraft to crash
and die due to inaccurate altimeter readings [40]. Today, such accidents have occurred from
time to time; it can be seen that in addition to the operation and control of the crew and air
traffic controllers, the accuracy of the altimeter is also a key factor in reducing accidents,
therefore, it is necessary for us to carry out qualitative and quantitative analysis on the
navigation and positioning error of the algorithm under different altimeter deviations.
To explore the impact of different altimeter errors on the navigation and positioning
performance, we set the switching time as 5 s, and combined with the accuracy level of
the actual altimeter, according to Table 3, we divide the accuracy of the altimeter into: no
deviation, fixed deviation ±5 m, and fixed deviation ±20 m, and then experiment with
these different altimeter scenarios. The results are shown in Figure 9. Here, we also include
the standard LEO2 switching + INS navigation and positioning algorithm and the standard
LEO2 switching + INS + altimeter navigation and positioning algorithm as a reference.

From Figure 9, we can also obtain a similar law, that is: under the same altimeter
deviation condition, the navigation and positioning performance of the INS + LEO2
switching navigation positioning algorithm based on adjacent orbits is also better than that
of the INS + LEO2 switching navigation positioning algorithm under the same orbit. On the
same type of orbit (such as the same or adjacent orbit), as the altimeter deviation increases,
the navigation and positioning performance gradually deteriorates. To quantitatively
analyze the differences in navigation and positioning under different altimeter scenarios,
we have calculated the trajectory errors of the INS + LEO2 switching navigation and
positioning algorithm with different altimeter deviations when the fixed switching time is
5 s. The results are shown in Figure 10.

From Figure 10, we can find that under the condition that the altimeter has no devia-
tion, the INS + LEO2 switching navigation and positioning algorithm under the same orbit
and the adjacent orbit can reach good location service effects, and the effect under adjacent
orbits is better, especially in terms of longitude and latitude performance. However, the
difference between the two algorithms in terms of high performance is not large, which is
not difficult to understand, since to some extent, when there are only two visible satellites,
the difference between the same orbit and the adjacent orbit is not much, but the satellite
velocity vectors of the two orbit types are different, and the addition of an altimeter, in
the vertical direction, has a similar improvement effect on the INS + LEO2 switching algo-
rithm under the two orbit types. There are similar conclusions in other altimeter deviation
cases. It is worth mentioning that if we deduct the fixed height deviation of the navigation
positioning algorithm with fixed altimeter deviation, the robustness of the corresponding
algorithm is also very good. Taking height deviations of 5 and 20 m as examples, under the
same orbit and adjacent orbit, after deducting the fixed deviation, the absolute value of the
mean value of the height difference of the INS + LEO2 switching + altimeter 5 m deviation
algorithm is about 0.03 m, and the absolute value of the mean height difference of the INS
+ LEO2 switching + altimeter 20 m deviation algorithm is about 0.2 m. This also requires
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us to choose an altimeter with less deviation as much as possible in practical applications,
to improve the accuracy of location services.

Figure 9. Comparison of navigation and positioning of different altimeter deviation scenarios under
5 s switching time.

Figure 10. Navigation and positioning error statistics of different altimeter deviations under a fixed
switching time of 5 s.
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4.2.5. Comparison with Other Algorithms

To make an objective evaluation of our algorithm, we selected several representative
algorithms for comparison, the corresponding algorithms and evaluation indicators are
shown in Table 4; among them, our algorithm takes the algorithm under the adjacent orbit
as an example. We compare and analyze the corresponding algorithms and indicators, and
Reference [20] is also compared based on the switching algorithm under an adjacent orbit.

Table 4. Comparison of different algorithms.

Error Index Algorithm Mean Standard Deviation

this paper 0.1371 × 10−4 0.4628 × 10−4

Reference [15] 2.4564 × 10−4 157.0000 × 10−4

Longitude (◦) Reference [17] / /
Reference [20] −0.06539 × 10−4 0.56238 × 10−4

Reference [21] 1.6753 × 10−4 0.1320 × 10−4

this paper 0.0063 × 10−4 0.3289 × 10−4

Reference [15] 1.7986 × 10−4 134.0000 × 10−4

Latitude (◦) Reference [17] / /
Reference [20] −0.0539 × 10−4 0.4452 × 10−4

Reference [21] 16.0000 × 10−4 3.5382 × 10−4

this paper 0.0479 0.1132
Reference [15] 35.9300 14.1989

Altitude (m) Reference [17] 2.0434 0.6221
Reference [20] −0.0543 0.5229
Reference [21] 34.6000 6.0518

From Table 4, we can find that our proposed algorithm has greater advantages than
the algorithm [15] in terms of longitude, latitude, and altitude indicators, especially in
altitude indicators. Compared with the dual-system positioning algorithm proposed by
Reference [17], our algorithm also has certain advantages. Compared with the algorithm
proposed by Reference [20], although our algorithm is slightly inferior in the mean lon-
gitude, the standard of the longitude of our algorithm is 0.4628 × 10−4◦, which is better
than the standard deviation of 0.56238 × 10−4◦ of the algorithm [20]; this shows that our
algorithm has smaller fluctuations in longitude errors and more concentrated errors, and
our algorithm has certain advantages in terms of latitude and altitude indicators. Com-
pared with the algorithm proposed by Reference [21], in addition to the longitude and
latitude indicators, our algorithm has better accuracy in terms of altitude indicators. From
these comparisons, we can see that our proposed algorithm is better than the traditional
dual-satellite positioning algorithm and dual-mode system positioning algorithm and even
some advanced location service solutions, therefore, our proposed algorithm can be used
as a good reference solution in difficult environments.

5. Conclusions

We present a giant LEO constellation dual-satellite alternate switching ranging in-
tegrated navigation algorithm combined with an altimeter; based on the inherent char-
acteristics of LEO satellites and the advantages of the ELO constellation, the use of LEO
constellation for navigation and positioning can eliminate the need to consider clock bias
(this is also considerable for reducing the cost of receivers and on-board equipment). In
addition, by constructing the position of the moving carrier as a large ellipsoid similar to
the earth, the navigation and positioning model can be described more accurately, and
then the dynamic navigation and positioning solution can be realized, which has the ad-
vantage of accurate positioning. Our experimental results show that only by combining
the altimeter, our algorithm can significantly improve the large navigation and positioning
error caused by the INS + LEO2 switching without altimeter when the switching time
is large. In addition, it is compared with the traditional dual-satellite navigation and
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positioning algorithm, dual-mode system navigation and positioning algorithms and some
advanced navigation and positioning algorithms in difficult environments and in those
cases it can significantly improve the position error. In practical applications, we can choose
an altimeter with different accuracy according to our needs, even if the altimeter has a large
deviation, but when we deduct the fixed error of the altimeter, the effect is still obvious.
Since the LEO constellation is closer to earth, navigation and positioning based on the
LEO constellation will gain many advantages over the MEO and HEO constellations. For
example, the propagation delay is relatively low, so compared with the MEO and HEO
constellations, the real-time performance is stronger; in addition, due to the light weight,
small size and low cost of LEO satellites, the constellation can be supplemented by rapid
deployment. In general, our algorithm is a high-precision, low-cost, and real-time location
service solution, and it is suitable for navigation and positioning in difficult environments
such as occlusion, urban blocks, and mountains.
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