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Abstract

in high latitude region.

To provide backup and supplementation for the Global Navigation Satellite System (GNSS), Doppler shift from Low
Earth Orbit (LEO) satellites can be used as signals of opportunity to provide positioning, navigation, and timing
service. In this contribution, we first investigate the model and performance of instantaneous velocity determination
and positioning with LEO satellites. Given a LEO constellation with 288 satellites, we simulate Doppler shift observa-
tions at nine multi-GNSS experiment stations. Owing to the lower orbit, the performance of LEO velocity determina-
tion is much more sensitive to the initial receiver position error than that of GNSS. Statistical results show that with
the initial receiver position error increased from 0.1 to 10 m, the Root Mean Square Errors (RMSEs) increase from 0.73
t0 2.65 cm/s, 0.68 to 2.96 cm/s, and 1.67 to 4.15 cm/s in the east, north, and up directions, respectively. The perfor-
mances with GPS are compared with GPS + LEO, and it is found that LEO Doppler shift observations contribute to GPS
velocity determination. As for LEO Doppler positioning, even if more than 30 visible LEO satellites are available, the
position dilution of precision values can reach several hundreds. Assuming that the error of LEO Doppler measure-
ments is 0.01 m/s, the instantaneous Doppler positioning accuracy can achieve about a few meters, which is compa-
rable to that of GNSS pseudorange positioning. A constant velocity model is adopted for state transition. Static LEO
Doppler positioning results show that an accuracy at centimeter to decimeter level can be achieved after solution
convergence. For a static simulated kinematic positioning test, the RMSEs range from a few decimeters to several
meters in different regions by giving different constraints. For a dynamic positioning test, the RMSEs are about 2-3 m
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Introduction

GNSS is the main approach to offering PNT service and
has about 130 available satellites at present (Lu et al,
2020). However, it is difficult to guarantee the continuity,
anti-interference and anti-spoofing performance of the
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GNSS signals due to serious attenuation in the spreading
process (Borio et al., 2016; Ioannides et al., 2016; Wang
et al., 2020). In recent years, LEO satellites are employed
to provide backup and supplementation for GNSS PNT
services (Enge et al, 2012). Some LEO-based PNT
approaches require satellites with navigation payloads
as LEO-enhanced GNSS (LeGNSS) (Ge et al, 2018),
while others use Doppler shift measurements to develop
LEO PNT in opportunistic navigation (OpNav) (Kassas
et al,, 2021). The former has proved that LEO satellites
contribute to faster convergence and ambiguity fixing
in Precise Point Positioning (PPP) (Li et al., 2019a) and
Real-Time Kinematic (RTK) (Li et al., 2019b). However,
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the medium-long stability of an onboard LEO satellite
clock affects not only its timekeeping ability but also the
ranging accuracy of LeGNSS positioning. Considering
the power consumption, size, weight, and cost, an atomic
clock used in GNSS satellites is not suitable for LEO sat-
ellites (Meng et al., 2020). At the same time, the LEO’s
Doppler measurements are much larger than those in
GNSS, which makes the receiver difficult to capture the
carrier phase signal. Besides, some LEO constellations
do not broadcast the downlink signals that support pseu-
dorange measurements through a calibrated connection
between transmission time tags and transmitter clock
time (Psiaki, 2021). In this case, LEO satellites Doppler
shift opportunistically for navigation is more attractive.

Doppler positioning technique can provide location
service when the receiver fails to get range information.
Hill (2001) first introduced the principle of GPS instan-
taneous Doppler positioning. Chen et al. (2014) and
Fernandez-Hernandez and Borre (2016) proposed a com-
bination of Doppler positioning and coarse time to solve
the problem that the user cannot provide a priori loca-
tion. In the LEO constellation, the TRANSIT Navigation
System employed less than a dozen of LEO satellites to
provide positioning and navigation service with Doppler
measurements (Forssell, 1991). Combining GNSS (Jiang
et al., 2022), cellular signals (Qiu et al., 2013), height aid-
ing (Tan et al., 2020), TDOA (Zhao et al,, 2017), and Iner-
tial Navigation System (INS) (Benzerrouk et al., 2019;
Morales et al., 2019), LEO OpNav shows a remarkable
potential. But due to the limited by the number of visible
LEO satellites, a position fix was not instantaneous only
with Doppler observations.

With the various LEO constellations to be built for
broadband Internet over the next decade, it will be likely
to offer real-time PNT service with the Doppler meas-
urements of LEO satellites. The Geometric Dilution of
Precision (GDOP), as a metric related to both the cov-
erage and the positioning of a system, has been widely
used to analyze the positioning potential of a large LEO
constellation. Morales-Ferre et al (2020) compared code-
GDOP with Doppler-GDOP in Amazon Kuiper and
SpaceX StarLink constellations. The values of Doppler-
GDOP are remarkably bigger than the ones of the code-
GDOP, which means the accuracy of Doppler positioning
is more sensitive to observation error. McLemore and
Psiaki (2021) analyzed the GDOP for a LEO constellation
leveraging Doppler shift and pseudorange measurements
simultaneously under a new Doppler positioning model
estimating the position vector components, receiver
clock offset, velocity vector components, and receiver
clock offset rate. Tan et al. (2019) analyzed the effects of
measurement errors, satellite orbit errors, and constella-
tion geometric distributions on LEO Doppler positioning
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performance. To track the Doppler measurements of
the multi-constellation LEO satellite’s downlink signals
for OpNAYV, an accurate receiver was designed, and the
positioning error is about 132 m with one Orbcomm
and two Iridium satellites (Farhangian & Landry, 2020).
Benefitting from the spatial and spectral diversity of LEO
constellations, an error of less than 23 m is obtained with
four Iridium and one Orbcomm satellites ignoring the
receiver’s velocity (Orabi et al., 2021). In addition, the
Doppler shift measurements of GNSS give the opportu-
nity to obtain reliable and high-precision velocity, while
the receiver fails to receive effective GNSS satellite sig-
nals and is unfavorable for velocity determination in an
obscured area. Shtark and Gurfil (2021) determined the
receiver’s position by TDOA and velocity by Doppler in
an LEO constellation and achieved the accuracy of veloc-
ity determination at centimeter-level using the extend
Kalman filter with dynamical model suitable for the ref-
erence model.

In all, the most studies on the LEO PNT service have
focused on LEO enhanced GNSS PPP and RTK with
large LEO constellations, but less on LEO Doppler posi-
tioning. Although there are some initial results in LEO
Doppler positioning with measured data, the accura-
cies of instantaneous positioning and velocity are lim-
ited by the number of visible LEO satellites. Meanwhile,
few experiments were conducted for the comprehensive
investigation of instantaneous velocity determination and
positioning with the Doppler shift measurements of a
large LEO constellation.

Velocity determination and positioning are two impor-
tant aspects of GNSS/LEO PVT service. Considering
the different applications, we first investigate the perfor-
mance of velocity determination by using LEO Doppler
observations, and then extend to the positioning model
and performance analysis. The structure of this paper is
arranged as follows. In “Methods” section introduces the
detailed simulations of LEO Doppler observations as well
as the models of LEO instantaneous velocity determina-
tion and positioning. In “Processing strategy” section
describes the experimental setup. The results and cor-
responding analysis are given in “Results and analysis”
section. Finally, the main conclusions are drawn in “Con-
clusions” section.

Methods

In this section, we develop an approach of simulating
Doppler shift observations for ground stations and the
velocity measurement models for different constellations.
Meanwhile, we introduce the measurement model of
LEO Doppler positioning considering position, velocity,
and clock offset rate of a receiver with seven or more vis-
ible LEO satellites.
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Doppler simulation
Doppler shift measurements of a receiver are extracted
by differencing the received signal frequency and nomi-
nal carrier frequency. In this study, we simulate the Dop-
pler shift measurements of GPS and LEO constellations
for ground stations. Note that the same wavelength and
signal frequency of GPS, L1 and L2 bands, are adopted in
LEO satellites.

The Doppler shift measurement can be expressed by
(Kassas et al., 2021)

Jis
_E]pr,j (1)

D, ;=
where subscript s, r, and j denote the satellite, receiver
and carrier frequency, respectively; c is the speed of light
and f is the nominal carrier frequency; and p; ; means
the range rate from receiver to satellite.

The range rate measurement is given by

_ _ T [ —7]
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where / is the carrier wavelength; * = [x%,5%,2°]T and
rr =[x, y,,zr]T represent the coordinates of satel-
lite and receiver, respectively; 7° = [v},v), 1T and
7r = Wra Vry V,,V]T are the receiver and satellite’s three-
dimensional velocity vectors, respectively; 8¢, and 8t
are the clock drifts of receiver and satellite, respectively;
81, ;and 8T, are the drifts of the ionospheric and tropo-
spheric delays, respectively; si,j denotes all non-modeled
error sources including the observational noise and mul-
tipath error; and Bﬁi denotes the Sagnac effect delay rate
which can be derived from:

=~

1)
SR, = Te V;xr + Y Vrx — Viyr — vr,yxs} (3)

where w, denotes the earth rotation angular velocity.

The LEO Doppler shift observations are simulated for
nine MGEX stations located in different latitudes, are
shown in Table 1. Besides, the Doppler shift observations
in dynamic scene are also simulated. The varying acceler-
ated motion, uniform motion and constant-acceleration
motion are included in dynamic scene. Figure 1 shows the
simulated horizontal velocity and acceleration of vehicle
in dynamic scene. The LEO constellation consists of 288
satellites, operating in an orbit altitude of 1000 km with a
90° inclination angle, and uses a Walker 288/12/6 constel-
lation geometry. This scheme was adopted in the Ameri-
can Teledesic constellation (Matossian, 1998), and shows
a great potential in positioning according to the study of
LEO enhanced GNSS PPP and RTK. More importantly,
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Table 1 Distribution of the selected MGEX stations

Station Nation Latitude/(°) Longitude/(°)
ABMF France 16.262 —61.528
NRMG France —22.228 166.485
MCHL Australia —26.359 148.145

LPGS Argentina —34.907 —57.932
ULAB Mongolia 47.865 107.052

BAIE Canada 49.187 —68.263
ONSA Sweden 57.396 11.925
SCOR Denmark 70485 —21.950
NYA2 Norway 78.930 11.859

this configuration provides at least 7 visible LEO satellites
at any time, which makes instantaneous Doppler posi-
tioning possible all over the world. To analyze the per-
formance of LEO and its augmentation for GNSS, GPS
Doppler observations are used as well for comparison.
Although the real measurements can currently be col-
lected from 31 available GPS satellites in orbit, 24 GPS
satellites using the nominal constellation configuration
(DOD, 2008) are simulated for the fair comparison of
LEO with GPS in the same simulation conditions.

In the Doppler observation simulation, the major work
is to calculate all the components on the right side of
Eq. (2). The station coordinates are fixed to the values
given by International GNSS Service (IGS), and the posi-
tion of the satellite is produced by Systems Tool Kit (STK)
software (available online: https://www.agi.com/produ
cts/stk). For a moving vehicle, the position and velocity
are calculated according to different motion modes. The
clock drifts of station and vehicle are simulated as white
noise. The velocity and clock drift of a satellite are com-
puted as the average change rate of position and clock
offset, respectively. The GFZ multi-GNSS precise clock
product is employed to offer the GNSS satellites’ clock

12 — East direction
i — North direction

Acceleration (m/s2) Velocity (m/s)

0 100 200 300 400 500 600
Numbers of epoch (Sampling rate is 1 s)

Fig. 1 Simulated horizontal velocity and acceleration of a vehicle in
dynamic scene
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offsets, while the LEO satellites’ clock offsets adopt the
records of GPS satellites. The ionospheric delay rate can
achieve approximately 18 m/s in Obrcomm LEO satel-
lites (Kassas et al., 2021). In this study, the changes in
the ionospheric delay rates are not considered since the
method similar to the Ionospheric-Free (IF) combina-
tion in the PPP model is used in Doppler positioning and
velocity determination. For LEO Doppler observations,
Khalife and Kassas (2019) demonstrated that the changes
in tropospheric delay rates were negligible. Normally, the
atmosphere changes slowly, and the sampling interval of
observations is at second level. Therefore, the influence
of the changes in tropospheric delay rates is usually not
considered for GPS (Wang et al., 2007). In general, the
influence of the troposphere is not simulated. In order to
ensure the simulated Doppler shift observations close to
real data, the random noise obeys the zero-mean normal
distribution with a Standard Deviation (STD) depend-
ent on the satellite elevation angle. The STD of each
frequency is set to 0.01 m/s for GPS Doppler shift obser-
vation in the zenith direction. However, it is worth men-
tioning that whether the above setting is achievable for
LEO constellation depends on the received signal’s car-
rier-to-noise ratio, form of the frequency discriminator,
and many other factors (Psiaki, 2021). The different noise
levels are set to 0.01 m/s, 0.03 m/s and 0.1 m/s for LEO
Doppler observations in the same way. It is noticed that
the default noise in LEO is 0.01 m/s equal to GPS Dop-
pler noise.

Velocity estimation

In the velocity determination, the approximate positions
of a receiver are known and the linear equations of velocity
determination model from Eq. (2) using Doppler observa-
tions in GPS and LEO constellations can be written as:

—Jjs - Dy; =Do + u; - 7, — 7]
- —s S
+c(8t, — 8t) =8I, (4)
S =~
+0T, + R, +e;
where P is the initial range rate and # is the unit vector
of the direction from a receiver to a satellite. In velocity
determination, a method similar to IF linear combination
in PPP is used to eliminate the first-order ionospheric
delay rate. In the model of velocity determination, the IF
combination equation can be written as
—Jips - Dyyp = Po + ;- [Fr — 7]
+c(88 — 82°) + 8T, (5)
+8R, + &5 p
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where s is the wavelength of IF carrier phase of a
satellite. ¢; ;- are the sum of measurement noises and
un-modeled errors of IF Doppler observations. The
unknown parameters vector is:

X = [T ost, ] (6)

where the velocity and clock drift of the receiver are to be
estimated.

Doppler positioning

If satellite Doppler-shift measurement is recorded by a
receiver on the earth surface, without considering any
errors, all points with the same measurement form a
circular conical surface (Tan et al,, 2019), as shown in
Fig. 2. The position of the receiver can be determined
by the intersection of these conical surfaces, while the
position is the intersection of spherical surfaces in
GNSS pseudorange and carrier phase measurement.
Limited by the number of available LEO satellites, the
Doppler positioning can be achieved using multi-epoch
observations, and the movement state of the receiver
changes slowly. Beneficial from the spatial and spectral
diversity of the LEO constellations, the receiver posi-
tion can be calculated by the Doppler measurements
instantaneously when enough LEO satellites can be
observed simultaneously. Equation (2) can be linearized
to obtain the coefficient matrix. The linearization can
be completed with the first-order Taylor expansion of
the equation at a certain point, which can be expressed
as:

—JjL DY =po+ e} -dr +uy - dr + c(8t, — 8tr0)
— e8t° — 81, + 8T + 3R, + ¢k,
7)

with

/Velo::ity of satellite

e

Fig. 2 Doppler effect in satellite positioning
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where p, is the rate of distance change between
satellite and receiver, and 7,0 = [¥10,7r0,2r0]
- T - L

rr0= [Vr,x,OrVr,y,O;Vr,z,O] , and 8¢, are the initial solu-
tion of the receiver’s position, velocity, and clock drift,
respectively. The combination equations to eliminate ion-
ospheric delay rate can be written as

—Jip - Dy =P + €& - dr” + uk - dr”
+ ¢(8t, — 8tr0) — c8T (8)
+ 8Ty + R, + ¢k

An extended Kalman filter is used for solution, and the
unknown parameters vector can be expressed as

X =7 7 cdt] 9)

Although the motion of the receiver may be complex,
the so called “Constant Velocity (CV) model” is com-
monly used to construct the state transition equation for
the low dynamic receiver (Yang et al., 2001), that is

T T
|:rr:| = ¢k,k71 |:rV:| + Wk
" Jkk—1 k-1

Isxz At-I3x3
03x3  I3x3
matrix, and At is time interval; [rr T, }l:k—l is the pre-
dicted value of the receiver state at epoch k and Wy is the
process noise. Considering that the CV model cannot
fully reflect the real motion of the receiver, the process
noise should be properly set in different scenes.

(10)

where @ ;_; = } is the state transition

Processing strategy

In this section, the configuration of simulation and pro-
cessing strategies of data are introduced in detail. The
different processing strategies are used to evaluate the
performance of LEO instantaneous velocity determina-
tion and positioning.

In the processing, the precise ephemeris is used to
calculate the position, velocity and clock drift of a satel-
lite. The orbit and clock bias errors are simulated in the
precise ephemeris. The combination of a cosine func-
tion trend term+ constant trend term + Gaussian noise
(Ma, 2021) is simulated for the ephemeris errors. Figure 3
shows the RMSEs of all satellite orbit errors and clock
offset errors in GPS and LEO constellations, respectively.
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Table 2 summarizes the data processing strategy for
velocity determination and positioning. In the velocity
determination, the coordinates of a receiver with different
levels of approximation are used to linearize the obser-
vation equation. For comparisons, the performances of
GPS and GPS+LEO are presented as well to assess the
accuracy of velocity determination with LEO enhanc-
ing GPS. To correct the ionospheric delay rate effect, a
method similar to the IF combination in PPP is adopted
in velocity determination. The troposphere delay rate is
not considered. As for Sagnac effect delay rate, Eq. (3) is
used to correct. The weight of the satellite’s Doppler shift
observation depends on the satellite elevation.

The performance of the LEO Doppler positioning in
the static, static simulated kinematic, and dynamic tests
are evaluated. For the static test, the initial velocity is set
to 0, and the processing noise of position and velocity are

0
D(W,e)=1| O .

respectively set as and

(0.01cm/s)?
(0.01cm/s)?
(0.01cm/s)?

For the kinematic test, two schemes with different levels
of processing noise are taken for a comparative analysis.
Considering that the maximum acceleration of motor
vehicles is usually less than 3.0 m/s* (Bokare & Maurya,
2017) and the sampling interval is 1 s, the variance of

D(Wxi) =

velocity rocessin, noise is set as
(3.0m/s)
D(Wzy) = (3.0m/s)? and the
(3.0m/s)?
corresponding variance of position processing noise is
(1.5m)?
set as DW= (1.5m)>? in
(1.5m)?

scheme 1. In scheme 2, if the carrier is known to be in
uniform motion, the variance of position processing

0
noise is set as D(W, ) = 0 |, and the variance of
0
velocity rocessin, noise is set as
(0.1m/s)
D(Wik) = (0.1m/s)? For the
(0.1m/s)?

dynamic test, the processing noise levels of position and
velocity are the same as those of scheme 1 in the kine-
matic test. The clock drift of the receiver is estimated at
each epoch as white noise. Besides the same strategies for
the drifts of ionosphere and troposphere delays are used
in Doppler positioning.

There is a difference between LEO and GNSS posi-
tioning because the geocentric position is not avail-
able as the initial value of the iteration in the data
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Radial errors (cm)

Clock offset errors (ns) Normal errors (cm) Transverse errors (cm)

processing. The reason is that the GNSS satellite
is much farther from the ground than the earth sur-
face from its center, and the linearization error of the
observation equation has little effect under the geo-
centric position as an initial value. However, the lin-
earization results have a great error due to the much
smaller value of LEO orbital altitude than earth radius,
leading to the non-convergence of iteration with the
geocentric position as an initial value, and thus it is
necessary to give the approximate coordinates in LEO
Doppler positioning. In this study, the position esti-
mate was initialized 1 km away from the true position
in all directions.

Results and analysis

With the simulated Doppler shift observations of GPS
and LEO, nine MGEX stations are chosen to evaluate
the performance of instantaneous LEO velocity deter-
mination and positioning in different latitudes. The
performance of LEO and LEO enhanced GPS in veloc-
ity determination is analyzed respectively. Doppler

G3 G6 G9 G12 G15 G18 G21 G24
Satellite ID
Fig. 3 RMS of GPS and LEO satellites orbit errors in the radial, transverse, normal directions, and clock offset errors

L36 L72 L108 L144 L180 L216 L252 L288

positioning experiments are also conducted to test its
effectiveness in the static, static simulated kinematic,
and dynamic scenes. Besides, the different noise levels
of observations are introduced respectively in the static
LEO Doppler positioning.

Performance of LEO velocity determination

Figure 4 shows the error of velocity determination with
different initial coordinates and visible LEO Satellite
Vehicle (SV) at station SCOR. As shown in Fig. 4, the
errors in east and north directions are within 3 cm/s, and
it is mostly within 6 cm/s in the up direction with the ini-
tial coordinate errors of 0.1 m and 1 m. However, there
are systematic deviations in three directions with 10 m
initial coordinate error. A position bias of 10 m causes
horizontal and vertical errors within 6 cm/s and 10 cm/s,
respectively. The error of the receiver position will
decrease the accuracy of velocity determination because
it introduces the computational errors in the design
matrix. According to Eq. (4), the impact of the initial
receiver position error on the ranging rate can be
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Table 2 Data processing strategy

Page 7 of 13

Items Velocity determination Positioning
Satellites LEO, GPS and GPS+LEO LEO

Estimator Least square method Extend Kalman filter
Signal GPS: L1/L2; LEO: L1/L2 LEO: L1/L2
Sampling rate 1s

Elevation cutoff 7°

Weight scheme Elevation-dependent weight

Drift of ionospheric delay IF combination
Drift of tropospheric delay -

Sagnac effect delay rate Equation (3)
Satellite position and velocity
Clock drift of satellite

Receiver coordinate Approximate coordinates

Simulated precise clock file

Simulated precise satellite orbit file

Static: estimated; kinematic: estimated with pro-
cess noise (scheme1: (1.5, 1.5, 1.5 m)% scheme2: 0,
0, 0); dynamic: estimated with process noise ((1.5,
1.5,1.5m))

Clock drift of receiver Estimated Estimated, white noise

Receiver velocity Estimated Static: estimated with process noise (0.01, 0.01,
0.01 cm/s)?; kinematic: estimated with process
noise (schemel: (3.0, 3.0, 3.0 m/s)% scheme2: (0.1,
0.1,0.1 m/s)%); dynamic: estimated with process
noise ((3.0, 3.0,3.0 m/s)?)

expressed as —/; - DS = [F — 717 . ”rri_rrsnz. If the mag-  Which is different from GPS. In GPS, the impact of 10 m

nitude of the receiver position error is 10 m, its impact
on the ranging rate will be 7.35 cm/s when ||r, — r*||, and
7 are approximately 1000 km and 7.35 km/s, respectively,

— Coordinates errors of 0.1 m
— Coordinates errors of 1.0 m
— Coordinates errors of 10 m
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Fig. 4 Errors of velocity determination in the east (E), north (N), and

up (U) directions with different initial coordinates and visible LEO

satellites vehicle (SV) at station SCOR

position bias on the ranging rate will be 1.6 mm/s (Wang
et al., 2007).

Figure 5 shows the RMSE of LEO velocity determina-
tion with respect to different initial coordinates of Station
SCOR. There is a linear relationship between the veloc-
ity accuracy in three directions and the initial coordinate
error. As the initial coordinate error increases from 0.1
to 10 m, the RMSEs in east, north, and up components
increase from 0.73 cm/s, 0.68 cm/s, and 1.67 cm/s to
2.65 cm/s, 2.96 cm/s, and 4.15 cm/s, respectively. Figure 6
shows the RMSEs of LEO velocity determination and the
average number of visible LEO satellites at nine MGEX
stations. The performance of velocity determination is

45
z 40!
535l
>
30|
3 25|
>
% 20!
& 1.5
=
% 10}
05

-= Results of E
-o- Results of N
-A- Results of U

0 2 4 6 8 10
Errors of initial coordinates (m)
Fig. 5 RMSE of LEO velocity determination in the east, north, and up

directions with different initial errors of coordinates at station SCOR
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Fig.6 RMSEs of LEO velocity determination in the east (E), north (N),
and up (V) directions with 0.1 m, 1 m, 10 m initial position errors and
the average number of available LEO satellites at nine MGEX stations

closely related to the latitude of station and number of
available satellites with the 0.1 m and 1 m initial posi-
tion errors. With the increase of latitude, the number of
visible LEO satellites increases due to the feature of the
polar-orbiting constellation, and thus the correspond-
ing RMSE decreases. For station ABMF, the RMSEs are,
respectively, 1.23 cm/s, 1.23 cm/s, and 3.39 cm/s in the
east, north, and up directions with an average number
of 8.4 LEO satellites and 0.1 m initial position error. As
for the high-latitude station NYA2, the average num-
ber of visible LEO satellites reaches 35.5, and the corre-
sponding RMSEs of velocity determination are reduced
to 0.62 cm/s, 0.56 cm/s, and 1.48 cm/s in the east, north,
and up directions, respectively.

For a comparison, the results of velocity determina-
tion with different constellation schemes, i.e. GPS and
GPS+LEO, are analyzed. Figure 7 shows the error dis-
tribution of velocity determination in the east, north,
and up directions at station SCOR with 3.0 m initial
coordinate error (considering the absolute GPS posi-
tioning precision). For the GPS scheme, the RMSEs
are, respectively, 0.93 cm/s, 1.11 cm/s, and 3.29 cm/s
in the east, north, and up components, which are com-
parable to the accuracy of LEO according to Fig. 5. For
the GPS+LEO scheme, the accuracy is significantly
improved in all directions, and the RMSEs are 0.74 cm/s,
0.83 cm/s, and 1.73 cm/s, respectively. Figure 8 shows the
RMSE:s of velocity determination at nine MGEX stations
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with two different schemes. The RMSE values are within
1.11 cm/s in horizontal and 3.21 cm/s in vertical for all
stations with GPS and LEO satellites. To conclude, the
LEO Doppler shift observations contribute to GPS veloc-
ity determination.

Performance of LEO Doppler positioning

In order to evaluate the performance of Doppler in
positioning, the results of static, static simulated kin-
ematic and dynamic tests are presented. Three stations,
MCHL, ONSA and NYA2, located at different latitudes
are selected as examples to analyze the LEO positioning
performance. The performance of positioning in dynamic
scene is evaluated in high latitude region.
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Fig. 9 Static Doppler positioning solutions in east (E), north (N),
and up (V) directions at station MCHL, ONSA, and NYA2. The
corresponding PDOP values and numbers of LEO satellites vehicle
(SV) are also shown

Static Doppler positioning

Figure 9 shows static Doppler positioning results at
MCHL, ONSA, and NYA2. It can be found that high
accuracy can be achieved with different convergence
time at three stations. The positioning results are more
stable in three directions at high latitude station because
of more visible LEO satellites. Besides, the solution con-
vergence of Doppler positioning is significantly improved
at high latitude station. It is worth noting that the posi-
tion errors are less than 0.1 m in three directions after
about 6 min at NYA2 with 35.5 average visible LEO satel-
lites. Figure 9 also shows the corresponding total num-
bers of visible satellites and PDOP values. The detailed
method of calculating PDOP in Doppler positioning is
introduced in the appendix. At the station MCHL, the
average number of visible satellites is 9.1 and the PDOP
value is 491.4. The corresponding visible satellite num-
ber is increased by 26.4, and the average PDOP values is
decreased to 174.9 at the station NYA2. Assuming that
the noise of LEO Doppler measurements is 0.01 m/s, the
position accuracy can achieve about 1.75-4.91 m, which
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is comparable to the positioning accuracy of GNSS pseu-
dorange positioning.

To analyze the potential of static Doppler positioning,
the RMSEs of the east, north, and up components during
the test period are summarized in Table 3. For the nine
stations, the RMSEs can achieve sub-meter level at three
directions. It is worth noting that the RMSEs can achieve
centimeter at high-latitude station NYA2.

In order to analyze the accuracy of static LEO Doppler
positioning with different noise levels, Fig. 10 shows the
results of static LEO Doppler positioning with different
noise levels configuration at nine stations. We can find
that the accuracy of static positioning can reach decime-
ter-level with noise levels of 0.01 m/s and 0.03 m/s, but
meter-level with noise of 0.10 m/s. Meanwhile, at higher
latitude stations the accuracy can be improved due to
more satellites.

Static simulated kinematic Doppler positioning

Figure 11 shows the results of kinematic Doppler posi-
tioning for scheme 1. The accuracy of position can reach
meter level. More LEO satellites can improve the accu-
racy of kinematic Doppler positioning. The RMSEs of

Table 3 RMSE of positioning errors at nine MGEX stations in static Doppler positioning

Station ABMF NRMG MCHL LPGS ULAB BAIE ONSA SCOR NYA2
E(m) 0.39 0.57 0.28 042 0.25 0.34 0.19 0.1 0.08
N (m) 0.35 0.15 0.21 0.21 0.14 0.16 0.14 0.10 0.05
U (m) 0.29 0.17 0.29 0.16 0.22 0.10 0.21 0.14 0.06




Guo et al. Satellite Navigation (2023) 4:9

— Station MCHL —— Station ONSA —— Station NYA2

Errors of E (m)

Errors of N (m)

Errors of U (m)
o

600 1200 1800 2400 3000 3600

0
Numbers of epoch (Sampling rate is 1 s)

Fig. 11 Results of kinematic Doppler positioning solutions in the
east (E), north (N) and up (U) directions, respectively, at station MCHL,
ONSA and NYA2 for scheme 1

position at different stations are given in Table 4. The
average RMSEs are 3.66 m, 3.97 m, and 5.93 m in the
east, north, and up directions, respectively.

Figure 12 shows the kinematic solutions of LEO Dop-
pler positioning for scheme 2. Compared with Fig. 10, the
position results are more stable and the accuracy in three
directions are improved. Table 5 shows the correspond-
ing positioning errors at nine stations. For the low- and
mid-latitude stations, the RMSEs are approximately 0.3—
0.6 m in the horizontal and 0.5-1.0 m in the vertical. For
the high-latitude stations, the RMSEs of position reduce
to 0.1-0.3 m in the horizontal and 0.2—0.4 m in the verti-
cal. The averages RMSEs are 0.38 m, 0.41 m, and 0.67 m
in three directions, respectively.

Dynamic Doppler positioning

As mentioned before, a dynamic scene in high latitude
region is simulated, and the motion state is shown in
Fig. 1. Figure 13 shows the results of Dynamic Doppler
positioning. The errors in three directions are all within
10.0 m, and the positioning accuracies are almost the
same for different motion modes. The average RMSEs are
respectively, 2.24 m, 3.15 m, and 3.23 m in the east, north
and up directions. The accuracy is consistent with the
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Fig. 12 Results of kinematic Doppler positioning solutions in the
east (B), north (N) and up (U) directions, respectively, at station MCHL,
ONSA and NYA2 for scheme 2

result of scheme 1 in simulated kinematic Doppler posi-
tioning at high latitude stations.

Conclusions

This paper investigates the performance of instantaneous
LEO velocity determination and positioning using Dop-
pler observations from a LEO constellation.

For LEO Doppler velocity determination, the test indi-
cates that the accuracy is closely related to the initial
receiver position error. Statistical results show that with
the increase of initial receiver position error from 0.1 to
10 m, the RMSEs of LEO velocity determination increase
from 0.73 to 2.65 cm/s, 0.68 to 2.96 cm/s, and 1.67 to
4.15 cm/s in the east, north, and up directions, respec-
tively. There are systematic deviations in three directions
with an initial coordinate error of 10 m. Meanwhile, more
available LEO satellites can improve the velocity deter-
mination accuracy. Compared with GPS, the accuracy of
velocity determination with GPS + LEO can be improved,
and the RMSEs are within 1.11 cm/s in the horizontal
and 3.21 cm/s in the vertical.

Different from GNSS positioning, LEO Doppler posi-
tioning has large PDODP, even if more than 30 visible LEO
satellites are available, its PDOP values can reach several

Table 4 RMSEs of kinematic Doppler positioning solutions at nine stations for scheme 1

Station ABMF NRMG MCHL LPGS ULAB BAIE ONSA SCOR NYA2
E(m) 4.71 473 437 448 3.84 3.79 3.32 2.21 1.67
N (m) 4.82 458 448 4.46 3.95 3.92 3.77 341 2.33
U (m) 9.31 791 8.04 6.89 3.84 5.56 442 3.09 2.23
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Table 5 RMSEs of kinematic Doppler positioning solutions at nine stations in scheme 2

Station ABMF NRMG MCHL LPGS ULAB BAIE ONSA SCOR NYA2

E(m) 048 0.60 048 0.50 0.35 048 0.27 0.19 0.12

N (m) 0.55 0.51 045 044 047 0.29 041 0.29 022

U (m) 0.90 1.04 0.83 0.79 0.79 048 0.62 042 0.20
10 —FEest—Noth—Uup The configuration optimization and constellation design
E 5 of LEO satellites need to be explored. Some limitations
% i m LK l' H in this study include the simulation and processing of
< 0 i l : It Hsi MI' ;|' \‘ ‘ ‘ p “’ |M l"" atmospheric delay rate may cause distortions, and the
= _g [ “ ‘ approach to reduce the value of PDOP for improving
& 10 LEO Doppler positioning.
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Fig. 13 Errors of dynamic Doppler positioning solution in the east
(E), north (N) and up (U) directions

achieved instantaneously (epoch-wise) with the same
Doppler measurement error as GPS, i.e., 0.01 m/s, which
means it is comparable to the accuracy of GNSS pseudor-
ange positioning. The performance of Doppler position-
ing is analyzed in static, static simulated kinematic, and
dynamic scenes, respectively, and the CV model is used
in EKF. In the static scene, the RMSEs of position are few
decimeter level, and the accuracy can be improved with
more satellites available. The RMSEs are 0.05-0.14 m at
high-latitude stations. Besides, the effect of measurement
noise on Doppler positioning is also investigated. The
RMSEs of static positioning can be at decimeter-level
with errors of 0.01 m/s and 0.03 m/s, while at meter-level
with error of 0.1 m/s. In the kinematic scene, different
process levels of noise are set. When the variance of posi-
tion process noise is (1.5 m)? and the variance of velocity
process noise is (3.0 m/s)’, the average RMSEs of posi-
tion are, respectively, 3.66 m, 3.97 m, and 5.93 m in three
directions. In the scheme where the process noise of
position is zero and the variance of velocity process noise
is (0.1 m/s)? the average RMSEs of position are, respec-
tively, 0.38 m, 0.41 m, and 0.67 m. In the dynamic scene,
different motion modes are simulated, and the RMSEs
are 2.24 m, 3.14 m, and 3.23 m, respectively.

Overall, our initial assessment of LEO Doppler veloc-
ity determination and positioning indicates that the
LEO Doppler can improve GNSS velocity determination
performance and provide a positioning service whose
accuracy is comparable to that of GNSS pseudorange
positioning. Further studies will evaluate the LEO Dop-
pler positioning performance in harsh environments.

Appendix

When GNSS/LEO broadcasts pseudorange and car-
rier phase observations, the ionosphere delay, tropo-
sphere delay, and ambiguity can be estimated in addition
to position and clock error. However, only position and
clock error are taken into the calculation of PDOP in the
PPP model. In the Doppler positioning model, there are
3D position, 3D velocity, and receiver clock drift to be
estimated, but the value of PDOP for Doppler position-
ing is calculated with the consideration of position and
clock drift which can evaluate the basic positioning per-
formance of Doppler positioning. In this case, when cal-
culating the PDOP value of LEO Doppler positioning, the
matrix in the observation equation can be expressed as:

1T
Z=H[r ct] (11)
[ doyj dry; dpy; ]
dx, dy, dz,
dpy; doy; dry)
H= dx, dy, dz, (12)
dﬁi;’ dﬁif dﬁi;’ 1
| dx, dx, dx, |

The challenges must be addressed before calculating
the PDOP of Doppler positioning. The value of PDOP
describes the influence of measurement error on position-
ing results, and the units determined by the product of
measurement error and PDOP should be meters. The units
of r, are meters, and the units of —/;D; 7 and ct, are m/s. A
scaling factor 7 is introduced to redeﬁne all the parameters
having the common units, m/s, which makes the units of
matrix H 1/s. The scaling factor can be expressed as



Guo et al. Satellite Navigation (2023) 4:9

(13)

where R; and Rg denote the radius of satellite orbit and
earth, respectively, and GM is the gravitational constant
of the earth.

This recalling allows the observation equation matrix to
be rewritten in the following equivalent form:

AT
Z=H,[rx, ct/n] (14)
[ doy; dpyy dryy ]
dx,  dyr dz, n
L L
]—[77 = dicr d?’r dzy (15)
dpy; dpyj dpyj
| dx, dy, dz n |
The next step is to obtain the matrix Q as
T ppy—1
Q= (H,H) (16)

The PDOP of Doppler positioning can be calculated as

PDOP = /Q(1,1) + Q(2,2) + Q(3,3) (17)
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