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Abstract: Fused LEO navigation systems have been proposed as a low-cost means of supplementing
and backing up global navigation satellite system (GNSS) navigation services based on low-earth
orbit (LEO) constellations, which means broadcasting navigation signals based on the spectrum and
hardware of the currently planned communication constellation. In this paper, we introduce Doppler-
aided positioning to fused LEO navigation systems, which can improve the positioning performance
and availability of fused LEO navigation systems by addressing insufficient pseudorange measures
caused by insufficient navigation resources or the early stages of system construction. Theoretical
analysis and simulation results show that Doppler-aided positioning based on the weighted least
squares (WLS) method can improve the positioning accuracy of pseudorange positioning and achieve
95% three-dimensional errors within 21 m, even if the number of pseudorange measurements is less
than four. Therefore, Doppler-aided positioning can expand the application scenarios of independent
navigation services for fused LEO navigation systems.

Keywords: Doppler-aided positioning; fused LEO navigation systems; weighted least squares
method; Cramér–Rao lower bound

1. Introduction

In recent years, LEO constellation construction, such as StarLink, OneWeb, and GW,
has entered a booming stage, with hundreds or thousands of satellites included in these
constellations [1]. These LEO satellites have distinct advantages over medium- to high-earth
orbit satellites, including high signal strength, fast geometric changes, and a large Doppler
frequency shift, which means that they can complement traditional GNSS constellations,
and have significant advantages in enhancing accuracy, integrity, continuity, and the
availability of navigation service [2,3]. Therefore, LEO satellites enhancing navigation
services have become a hot topic in the current field of satellite navigation.

The existing applications of LEO satellites to enhance navigation services mainly focus
on enhancing GNSS and independently providing positioning, navigation, and timing
(PNT) services. In terms of GNSS enhancement, the research content focuses on improving
the orbit determination accuracy of GNSS satellites using LEO satellites [4], and achieving
fast convergence of precise point positioning (PPP) through navigation signals broadcast
by LEO satellites [5].

There are two main methods to offer independent PNT services using LEO satellites.
One is to design new navigation signals and payloads to support navigation capabilities.
For example, Satelles company [6] designed a satellite time and location (STL) signal to
provide PNT services. Reid et al. [7] studied an LEO navigation system using independent
payloads, which has a higher cost. The other method is to utilize existing communication
satellite payloads to achieve LEO navigation enhancement, which is also called a fused LEO
navigation system. Because the operating frequency of communication satellites is usually
distributed in the Ku-Ka band, utilizing the frequency band and hardware of existing
communication payloads can avoid interference and deception against L-band navigation
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signals, effectively compensate for the service loss caused by L-band navigation signal
failure [8], and achieve the supplementation and backup of GNSS positioning services.
At present, studies on providing navigation services based on existing communication
satellite payloads focus on the opportunity navigation framework, which utilizes Doppler
measurements to determine receiver position and velocity [9–11].

To solve the problem of low positioning accuracy in Doppler measurements, an
increasing number of studies have discussed the use of code pseudorange or carrier phase
in navigation services based on communication satellites. For example, Khalife et al. [12]
designed a hosted receiver to obtain carrier phase values, and obtained a horizontal
positioning result of 7.7 m. The University of Texas [13,14] proposed the fused LEO GNSS
system without any sacrifice in performance, and eliminated the cost of hosted hardware
on board. These above methods are based on the analysis of large LEO constellations, such
as Starlink. However, LEO communication constellations can provide fewer pseudorange
measurements in circumstances where navigation resources are insufficient or in the early
stages of system construction, making it impossible to meet the requirements of positioning;
that is, there are fewer than four pseudorange measurements at the same time.

In order to address the above problems, we propose a method of applying Doppler-
aided positioning to fused LEO navigation systems, where some satellites broadcast nav-
igation signals to provide pseudorange and Doppler measurements, while other visible
satellites with other functions provide Doppler measurements. Based on the pseudorange
and Doppler measurements mentioned above, user positioning is achieved by Doppler-
aided positioning. This method can improve the positioning performance and availability
of high-security positioning in fused LEO navigation systems and expand the application
range of LEO navigation services.

In this paper, the principle of the Doppler-aided positioning method in fused LEO nav-
igation systems is first introduced, and then the positioning performance of Doppler-aided
positioning based on WLS is analyzed. Finally, we provide discussion and conclusions.

2. Doppler-Aided Positioning for Fused LEO Navigation Systems

Doppler-aided positioning can be divided into two types. One is where Doppler
measurements are not directly involved in positioning and are commonly used to assist
in smoothing pseudorange or shortening initial positioning time [15,16]. The other in-
volves Doppler measurements directly in the navigation positioning process by combining
them with pseudorange measurements to achieve user positioning. In 2011, Li et al. [17]
provided position services based on Doppler and pseudorange measurements of GNSS,
and the results showed that the Doppler-aided method based on the WLS method could
improve positioning performance. In 2020, Vincent et al. [18] theoretically analyzed GNSS
pseudorange positioning and the WLS method based on pseudorange and Doppler mea-
surements. The results showed that Doppler information can improve positioning accuracy
in urban canyons or indoor environments. In 2022, Jiang et al. [19] proposed a cooperative
positioning method that utilizes LEO satellite Doppler measurements, GNSS pseudorange,
and GNSS Doppler measurements. The positioning accuracy can reach about 250 m. So
far, Doppler-aided positioning has not been applied to independent navigation services for
LEO constellations.

In this paper, we propose a method of applying Doppler-aided positioning to fused LEO
navigation systems, enabling independent navigation positioning services. Users receive
signals from multiple satellites, with some satellites transmitting ranging bursts that generate
both pseudorange and Doppler measurements. Other visible satellites transmit bursts for
other functions, which can generate Doppler measurements without known signal structures,
as shown in Figure 1. User positioning is achieved based on the aforementioned pseudorange
and Doppler measurements. This method can achieve high-security navigation positioning
services for fused LEO navigation systems, balance communication, internet, or other missions,
and serve as a supplementary and backup to GNSS positioning services.
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Figure 1. LEO satellites broadcast bursts in fused LEO navigation systems. Orange rectangles
represent ranging bursts, which can provide both pseudorange and Doppler measurements, while
green rectangles represent other bursts, which can provide Doppler measurements.

It is worth mentioning that in this method, LEO satellites need to be equipped with
GNSS receivers to receive signals from medium- to high-earth-orbit GNSS satellites for
precise orbit and clock offset determination, as shown in Figure 2. LEO satellites can be
equipped with an oven-controlled crystal oscillator (OCXO) to save costs and improve
clock offset accuracy through rapid measurement and rapid ephemeris updates.
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2.1. Prince of Doppler-Aided Positioning

The pseudorange positioning equation can be written as

ρs
r = ‖rs − rr‖+ c(δtr − δts) + I + T + c · dRs + dEs

r + ερ (1)

where ρs
r is the pseudorange measurement; rs = [xs, ys, zs]T is the satellite position vector;

rr = [xr, yr, zr]
T is the receiver position vector; c is the speed of light; δtr and δts are the

clock offsets between the receiver and the satellite, respectively; I is the ionospheric delay;
T is the troposphere delay; ερ is all errors that have not been modeled. dRs is the delay
caused by the relativistic effect of satellite clock offset, which can be expressed as

dRs = −2
rs · .

rs

c2 (2)

where
.
rs

=
[
vs

x, vs
y, vs

z

]T
is the satellite velocity vector and dEs

r is the delay caused by the
Sagnac effect, which can be expressed by

dEs
r =

ωe

c2 (xs · yr − ys · xr) (3)

where ωe is the angular speed of the earth’s rotation.
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The Doppler effect is caused by the relative motion between the transmitter and
receiver, and the Doppler shift can be expressed as

Ds
r = fR − fT = −vlos

c
fT = −vlos

λ f
(4)

where fR and fT are, respectively, the receiving and transmitting frequencies of navigation
signals, and vlos is the relative velocity in the direction of the receiver and satellite con-
nection. If the satellite and receiver move toward each other, the Doppler shift is positive.
Otherwise, the Doppler shift is negative. vlos is also known as the pseudorange rate, and
its expression is:

vlos =
( .

rs − .
rr

)
· rs − rr

‖rs − rr‖
=

.
ρ

s
r (5)

where
.
rr =

[
vr,x, vr,y, vr,z

]T is the user speed vector;
.
ρ

s
r is the pseudorange rate, the unit is

m/s, which is the first derivative of the pseudorange concerning time, and the derivation
of Equation (4) is

.
ρ

s
r = −λ f · Ds

r =
( .

rs − .
rr

)
· rs − rr

‖rs − rr‖
+ c
(

δ
.
tr − δ

.
t
s)

+
.
I +

.
T + c · d

.
R

s
+ d

.
E

s
r + εD (6)

where δ
.
tr and δ

.
t
s

are the clock drifts of satellites and receivers, respectively;
.
I and

.
T are

the change rates of the ionosphere and troposphere delay, respectively; εD is all errors that

have not been modeled; d
.
R

s
is a delay caused by the relativistic effect of satellite clock

offset, which can be expressed as

d
.
R

s
= −2

.
rs · .

rs
+ rs · ..

rs

c2 (7)

where
..
rs is the satellite acceleration vector and d

.
E

s
r is the delay caused by the Sagnac effect,

which can be written as

d
.
E

s
r =

ωe

c2

(
vs

x · yr + vr,y · xs − vs
y · xr − vr,x · ys

)
(8)

and in the above equation, the satellite speed, position, and clock offset can be obtained
from the ephemeris data.

Assuming that the receiver can receive n pseudorange measurements and m Doppler
measurements of an LEO constellation, generally m ≥ n, the positioning equations can be
obtained as

ρs,1
r = ‖rs,1 − rr‖+ c

(
δtr − δts,1)+ I + T + c · dRs,1 + dEs,1

r + ερ,1
. . .

ρs,n
r = ‖rs,n − rr‖+ c(δtr − δts,n) + I + T + c · dRs,n + dEs,n

r + ερ,n

.
ρ

s,1
r = −λ f · Ds,1

r =
( .

rs,1 − .
rr

)
· rs,1−rr
‖rs,1−rr‖

+ c
(

δ
.
tr − δ

.
t
s,1
)
+

.
I +

.
T + c · d

.
R

s,1
+ d

.
E

s,1
r + εD,1

. . .
.
ρ

s,m
r = −λ f · Ds,m

r =
( .

rs,m − .
rr

)
· rs,m−rr
‖rs,m−rr‖ + c

(
δ

.
tr − δ

.
t
s,m)

+
.
I +

.
T + c · d

.
R

s,m
+ d

.
E

s,m
r + εD,m

(9)

and by solving the above equations, user positioning can be achieved.
The state vector X based on pseudorange and Doppler measurements is an eight-

dimensional vector, which is

X =
[
rr

.
rr cδtr cδ

.
tr

]
=
[

xr yr zr vx,r vy,r vz,r cδtr cδ
.
tr

]
∈ R8

(10)
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including the receiver position vector, velocity vector, clock offset, and clock drift.

2.2. Weighted Least Squares Method

Considering that different types of measurements have different measurement errors,
we chose the WLS method to solve the user position, which is commonly used for Doppler-
aided positioning for GNSS. This method has two advantages. On the one hand, the WLS
method can better adapt to different types of measurement data and improve the robustness
of positioning by using weighted techniques to handle noise. On the other hand, the WLS
method can improve positioning accuracy compared to the least-squares method [17].

WLS requires several iterations to solve multivariate nonlinear equations. At the
position of the k-th iteration, the positioning Equation (9) is linearized, and can be written

G∆X = G



∆xr
∆yr
∆zr
∆vx,r
∆vy,r
∆vz,r
∆cδtr

∆cδ
.
tr


=



ρs,1
r − ρs,1

r (Xk)
. . .

ρs,n
r − ρs,n

r (Xk)
.
ρ

s,1
r −

.
ρ

s,1
r (Xk)

. . .
.
ρ

s,m
r − .

ρ
s,m
r (Xk)


= b (11)

where G is a geometric matrix, its expression is

G =



∂ρs,1
r

∂rr

∂ρs,1
r

∂
.
rr

∂ρs,1
r

∂δtr

∂ρs,1
r

∂δ
.
tr

. . .
∂ρs,n

r
∂rr

∂ρs,n
r

∂
.
rr

∂ρs,n
r

∂δtr

∂ρs,n
r

∂δ
.
tr

∂
.
ρ

s,1
r

∂rr

∂
.
ρ

s,1
r

∂
.
rr

∂
.
ρ

s,1
r

∂δtr

∂
.
ρ

s,1
r

∂δ
.
tr

. . .
∂

.
ρ

s,m
r

∂rr

∂
.
ρ

s,m
r

∂
.
rr

∂
.
ρ

s,m
r

∂δtr

∂
.
ρ

s,m
r

∂δ
.
tr


=



∂ρs,1
r

∂rr
01×3 1 0
. . .

∂ρs,n
r

∂rr
01×3 1 0

∂
.
ρ

s,1
r

∂rr

∂
.
ρ

s,1
r

∂
.
rr

0 1
. . .

∂
.
ρ

s,m
r

∂rr

∂
.
ρ

s,m
r

∂
.
rr

0 1


(n+m)×8

(12)

and

∂
.
ρ

s
r

∂rr
=

(rs − rr)
T
( .

rs − .
rr

)
(rs − rr)

T

‖rs − rr‖3 −

( .
rs − .

rr

)T

‖rs − rr‖
(13)

∂
.
ρ

s
r

∂
.
rr

= − (rs − rr)
T

‖rs − rr‖
(14)

and we apply the WLS method to Doppler-aided positioning for real-time positioning.
That is, set a weight wρ or w .

ρ for each measurement, and the larger the weight, the greater
its role in the solution of the WLS method. In this paper, the weight value is set to the
reciprocal of the standard deviation of measurement error, which can be written as

wρ = 1
σρ

w .
ρ = 1

σ.
ρ

(15)

and according to the above equation, the WLS method is used to estimate, that is, minimize
the sum of residual squares, which is

∆X = argmin[G∆X− b]TW[G∆X− b]

=
(

GTWG
)−1

GTWb
(16)
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where the weight matrix is a diagonal matrix, which can be expressed as

W =



wρ,1
. . .

wρ,n
w .

ρ,1
. . .

w .
ρ,m


(n+m)×(n+m)

(17)

and the receiver position can be obtained through a constant iteration of Equation (16).

3. Positioning Error Analysis

For pseudorange positioning, user position error can be associated with user range
error through dilution of precision (DOP), and the user position error is

σ3D = PDOP · σURE (18)

where σ3D is the user’s three-dimensional positioning error, PDOP is the position dilution
of precision, and σURE is the user range error (URE).

Due to the heterogeneity of pseudorange and Doppler measurements, the DOP analysis
method is not suitable for current applications. In this paper, we use the Cramér–Rao lower
bound (CRLB) for positioning error analysis, and the relationship between the position error
covariance matrix and CRLB is derived as an index for analyzing satellite distribution.

The definition of the Cramér–Rao lower bound is that if θ̂ is an unbiased estimate of θ,
then there exists

Var
(
θ̂
)
≥ I−1(θ) (19)

where I(θ) is the Fisher information matrix of θ, which can be expressed as:

[I(θ)]i,j = −E

{
∂2 ln p(θ)

∂θi∂θj

}
(20)

and calculating the above equation can obtain the CRLB [20].
In Doppler-aided positioning, the receiver position is estimated by using pseudorange

and Doppler measurements, and the measurement values can be written as

L = η+ ε

η =
[
ρs,1

r , . . . , ρs,n
r ,

.
ρ

s,1
r , . . . ,

.
ρ

s,m
r

]T

ε =
[
ερ,1, . . . , ερ,n, εD,1, . . . , εD,m

]T

ερ,i ∼ N
(
0, σρ,i

)
i = 1, . . . , n

εD,j ∼ N
(

0, σ .
ρ,j

)
j = 1, . . . , m

(21)

where ερ,i and εD,j are the errors of pseudorange and Doppler measurements, respectively.
The pseudorange measurements are obtained by measuring the distance between

the user and the satellite, while the Doppler measurements are obtained by measuring
the relative velocity between the user and the satellite. The Doppler measurements and
the pseudorange measurements are extracted from the received signal based on different
physical principles and measurement techniques. Therefore, in theoretical analysis, we can
consider the Doppler frequency measurement and the pseudorange measurement values as
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independent. An analysis method similar to reference [17] is used. The probability density
function of the measurement error vector ε can be defined as

p(ε) = p(L|η) =
n
∏
i=1

p
(

L
∣∣∣ρs,i

r

) m
∏
j=1

p
(

L
∣∣∣ .
ρ

s,j
r

)
= 1

(2π)
n+m

2
n
∏

i=1
σρ,i

m
∏
j=1

σ.
ρ,j

exp

(
−

n
∑

i=1

1
2σ2

ρ,i

(
Lρ,i − ρs,i

r

)
−

m
∑

j=1

1
2σ2.

ρ,j

(
L .

ρ,j −
.
ρ

s,m
r

)) (22)

and from the above equation, the one-order partial derivative can be written as

∂ ln p(L|η)
∂ρs,i

r
= ∂

∂ρs,i
r

{
ln

[
(2π)

n+m
2

n
∏
i=1

σρ,i
m
∏
j=1

σ .
ρ,j

]
−

M
∑

i=1

1
2σ2

ρi

(
Lρ,i − ρi

)}
= 1

σ2
ρ,i

(
ρs,i

r − Lρ,i

) (23)

∂ ln p(L|η)
∂

.
ρ

s,i
r

= ∂

∂ρs,i
r

{
ln

[
(2π)

n+m
2

n
∏
i=1

σρ,i
m
∏
j=1

σ .
ρ,j

]
−

m
∑

i=1

1
2σ2

ρi

(
L .

ρ,i −
.
ρ

s,i
r

)}
= 1

σ2.
ρ,i

( .
ρ

s,i
r − L .

ρ,i

) (24)

and from the above equation, it can be further obtained that the second-order partial
derivatives are

∂2 ln p(L|η)
∂ρs,i

r ∂ρ
s,j
r

=
∂

∂ρ
s,j
r

[
1

σ2
ρ,i

(
ρs,i

r − Lρ,i

)]
=

−
1

σ2
ρ,i

(i = j)

0 (i 6= j)
(25)

∂2 ln p(L|η)
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.
ρ
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r

=
∂

∂
.
ρ

s,j
r

[
1

σ2
ρ,i

(
ρs,i

r − Lρ,i

)]
= 0 (26)

∂2 ln p(L|η)
∂

.
ρ
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r ∂ρ

s,j
r

=
∂

∂ρ
s,j
r

 1
σ2.

ρ,i

( .
ρ

s,i
r − L .

ρ,i

) = 0 (27)

∂2 ln p(L|η)
∂

.
ρ

s,i
r ∂

.
ρ

s,j
r

=
∂

∂
.
ρ

s,j
r

 1
σ2.

ρ,i

( .
ρ

s,i
r − L .

ρ,i

) =

−
1

σ2
ρ,i

(i = j)

0 (i 6= j)
(28)

and the Fisher information matrix of the measurement error vector is a diagonal matrix,
which can be obtained as

I(ε) =



− 1
σ2

ρ,1

. . .
− 1

σ2
ρ,n

− 1
σ2.

ρ,1

. . .
− 1

σ2.
ρ,m


(n+m)×(n+m)

(29)

and by incorporating the above equation into Equation (19), we can obtain the CRLB for
Doppler-aided positioning.
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When the WLS method is used to obtain user position and the measurement error
vector ε in Equation (9) is retained, the matrix positioning Equation (11) can be rewritten as

G(∆X + εX) = b + ε

∆X + εX =
(

GTWG
)−1

GTW(b + ε)

εX =
(

GTWG
)−1

GTWε

(30)

and the above equation indicates the relationship between measurement error and position-
ing error. According to the definition of the CRLB, the positioning error can be obtained as

Var(εX) ≈ Var
[(

GTWG
)−1

GTWε

]
≥
[(

GHWG
)−1

GHW
]

I−1(ε)

[(
GHWG

)−1
GHW

]T (31)

and during the positioning process, by incorporating matrixes (G, W, and I(ε)) into the
above equation, the CRLB of Doppler-aided positioning based on the WLS method can
be obtained.

4. Doppler-Aided Positioning Simulation Results

In this section, we first introduce the simulation parameters. Then, we simulate Doppler-
aided positioning based on the WLS method and analyze its CRLB and positioning results.

4.1. Simulation Parameters

In the LEO constellation simulation, we adopt a hybrid configuration of near-polar
orbit and Walker constellations to achieve global coverage. A mega-LEO constellation
consisting of 390 satellites was simulated, including 120 satellites in inclined orbit and
270 satellites in near-polar orbit. The constellation parameters are shown in Table 1, and the
three-dimensional diagram is shown in Figure 3. The average number of visible satellites
in this constellation is greater than 10, which meets pseudorange positioning requirements
when the constellation provides independent navigation services, as shown in Figure 4.

References [11,21] indicate that the measurement accuracy of Doppler frequency can be
better than 1 Hz, so in this section, we set the Doppler measurement accuracy to 1 Hz. The
simulation position is set at BJF1, and the signal frequency is referred to as in reference [13].
Reference [13] analyzed the ranging error, satellite orbit, and clock error of the LEO signal.
Based on the analysis of reference [13], we set simulation parameters, as shown in Table 2.
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Table 1. Simulation parameters of the LEO constellation.

Parameters LEO Constellation

Configuration Near-polar orbit Walker
Number of satellites 120 270

Number of orbital planes 10 18
Number of satellites per orbital plane 12 15

Orbital height 1050 km 1000 km
Orbital inclination 89◦ 55◦

Eccentricity 0 0
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Table 2. Simulation parameters.

Simulation Parameters Value

Position BJF1: 39.61◦ N, 115.89◦ E, 87.47 m
Frequency 12 GHz

User ranging error 0.105 m
RMS error of satellite orbit R: 0.059 m, A: 0.093 m, C: 0.083 m

Satellite clock offset RMS error 0.022 m
Frequency measurement accuracy 1 Hz

4.2. Simulated Positioning Results

In this section, the WLS method is employed for Doppler-aided positioning to achieve
real-time positioning. The duration of positioning is 2 h, with one real-time positioning
result output per second, resulting in a total of 7200 positioning results. As shown in
Figure 5, the average number of visible satellites during the simulation period was 17.52,
which corresponds to an average Doppler measurement number of 17.52. The number of
pseudorange measurements remains constant in each simulation, with satellites randomly
selected from the visible satellites to provide the pseudorange measurements.

As shown in Figure 6, when eight satellites provide pseudorange measurements, the
theoretical three-dimensional positioning error (σ3D) for pseudorange positioning and the
CRLB for Doppler-aided positioning have little difference. By using the weighted least
squares method, the 95% three-dimensional positioning errors for pseudorange positioning
and Doppler-aided positioning were 1.23 m and 0.72 m, respectively, with an improvement
of 41.46%, which is related to the weighting matrix W in the WLS method.

As shown in Figure 7, when four satellites provide pseudorange measurements,
the theoretical three-dimensional positioning error (σ3D) for pseudorange positioning is
15.32 m, and the CRLB for Doppler-aided positioning is 4.59 m. The 95% three-dimensional
positioning errors of pseudorange positioning and Doppler-aided positioning are 24.43 m
and 4.97 m, respectively. This indicates that the geometric structure of the four satellites
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is poor, and that the positioning error is large during pseudorange positioning. Doppler
information can improve geometric structure, thereby improving positioning accuracy.
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As shown in Figure 8, when the number of satellites providing pseudorange measure-
ments is three, two, one, and zero, the 95% three-dimensional positioning errors are 10.46 m,
14.00 m, 20.37 m, and 19.95 m, respectively. The results show that when the number of
pseudorange measurements is less than four, pseudorange positioning cannot achieve
positioning, while other Doppler measurements provided by Doppler-aided positioning
can assist in real-time positioning, with a 95% three-dimensional error maintained within
21 m, which can expand the application field of high-security positioning in fused LEO
navigation systems.
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From Figure 9 and Table 3, it can be seen that when the number of pseudorange
measurements approaches four, the positioning error increases sharply. With the reduction
of pseudorange measurements, the improvement effect of pseudorange measurements
is increasing. Doppler-aided positioning can still be achieved when the pseudorange
measurements are less than four. In summary, pseudorange measurements can improve
positioning accuracy and expand the application range of pseudorange positioning.
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Table 3. The 95% three-dimensional error of Doppler-aided positioning.

Number of
Pseudorange

Measurements

Doppler-Aided
Positioning

Pseudorange
Positioning Increase Amplitude

8 0.72 m 1.23 m 41.46%
7 0.90 m 1.75 m 48.57%
6 1.32 m 2.64 m 49.98%
5 2.64 m 5.49 m 51.91%
4 4.97 m 24.43 m 79.66%
3 10.46 m - -
2 14.00 m - -
1 20.37 m - -
0 19.95 m - -

5. Discussion

Doppler-aided positioning is frequently applied in GNSS and has no significant
improvement compared to traditional pseudorange positioning when there is a large
number of visible GNSS satellites. Therefore, Doppler-aided positioning is typically used
to improve positioning accuracy in urban canyons or indoor environments [17,18].

In fused LEO navigation systems, LEO constellations are usually not built for naviga-
tion services and need to balance other tasks. When navigation resources are insufficient, it
can result in a few pseudorange measurements being received at the same time. Moreover,
LEO satellites typically have characteristics such as a small coverage area and narrow beam
width, which can lead to a few pseudorange measurements being received at the same
time during the early stages of system construction. In these situations, due to insufficient
measurements, traditional pseudorange positioning may not be applicable, or have low
accuracy. Therefore, Doppler-aided positioning can be applied to the above situations,
improving the accuracy and availability of independent positioning and expanding the
application scenarios of fused LEO navigation systems.

In this paper, we study Doppler-aided positioning for fused LEO navigation systems
using the WLS method. The WLS method only utilizes Doppler and pseudorange mea-
surements at the current time and can achieve real-time positioning. When there are few
visible satellites, Doppler measurements can provide more information. Therefore, com-
pared to pseudorange positioning, Doppler-aided positioning can significantly improve
positioning accuracy.
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6. Conclusions

In the development process of fused LEO navigation systems, when in the early stages
of system construction or when navigation resources are insufficient, it can lead to the
problem of insufficient pseudorange measurements. In these situations, due to insufficient
measurements, traditional pseudorange positioning may not be applicable, or have low
accuracy. Therefore, it is necessary to study a more suitable positioning method for fused
LEO navigation systems.

In order to address the above problems, this paper proposes a method of apply-
ing Doppler-aided positioning to fused LEO navigation systems, enabling independent
navigation positioning services. Users receive signals from multiple satellites, some of
which transmit ranging bursts that generate both pseudorange and Doppler measurements.
Other visible satellites transmit bursts for various tasks, which can generate Doppler
measurements without known signal structures. Based on the pseudorange and Doppler
measurements mentioned above, user positioning is achieved.

Theoretical and simulation results show that Doppler-aided positioning based on
the WLS method can improve pseudorange positioning accuracy and can still achieve
positioning even when the pseudorange measurement is less than four, and the 95% three-
dimensional positioning error using the WLS method is maintained within 21 m. When
there are few visible satellites, Doppler-aided positioning improves positioning accuracy
more significantly.

This method balances communication, internet, or other missions, improves the posi-
tioning performance and availability of high-security positioning in fused LEO navigation
systems, and expands the application range of fused LEO navigation systems.
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