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Abstract. In this paper, a real-time multi-satellite non-Gaussian carrier-derived
Doppler integrity fault detection and elimination (FDE) method is proposed for
the abnormal jump of user clock drift estimation caused by satellite switching
for low-earth orbit (LEO) global navigation satellite system (GNSS) users. The
carrier-derived Doppler integrity faults of multiple GNSS satellites under non-
Gaussian distribution are detected and eliminated by using the nearest neighbor
principle of user clock drift constraint. Multiple carrier-derived Doppler faults
caused by multiple satellite handoffs can be eliminated and the corresponding
abnormal jumps in the user clock drifts are removed. Estimation accuracy and
integrity of user clock drift are improved for LEO GNSS clock discipline. The
analysis of the measured data shows that the stability of the user clock drift with
broadcast ephemeris is improved to 5E-13-2E-12 except that the stability of the
user clock with 64-10,000 s is not worse than 5E-13 before 64 s. The abnormal
jumps in the user clock drift series estimated with non-Gaussian carrier-derived
Doppler can be effectively suppressed for multiple GNSS satellites.
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1 Introduction

In recent years, with the development of LEO GNSS navigation enhanced satellite
system, clock taming technology based on carrier-derived Doppler has great advan-
tages and potential in the establishment and maintenance of frequency reference of
LEO satellite. The long-term and short-term stability performance of high-stability
crystal oscillator after taming can be comparable to that of satellite-borne atomic clock,
and it has an important response. Use value and market competitiveness [1]. The whole
clock taming process requires high completeness of carrier Doppler, but the switching
factor of satellite can cause millimeter-scale jitter of carrier-derived Doppler mea-
surements, which poses a serious challenge to the integrity of carrier-derived Doppler
measurements. Because the error characteristics of carrier phase measurements are non-
Gauss distribution, and the error characteristics of carrier-derived Doppler after dif-
ference are non-Gauss distribution, the traditional Receiver Autonomous Integrity
Monitoring (RAIM) method based on chi-square distribution is not suitable for [2–5].
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At present, there is no good solution to monitor the integrity of carrier-derived Doppler
jump caused by satellite handover.

In view of the above problems in carrier-derived Doppler high integrity monitoring,
some scholars in the world have done some theoretical research on carrier phase RAIM
algorithm. Its representative is the carrier phase RAIM method based on Gauss Mixture
Model (Gauss Sum Filter) of Yun, Korea [6]. In order to solve the problem of non-
Gaussian distribution of carrier phase, this method uses the distribution of multi-
Gaussian distribution to approximate the non-Gaussian error distribution of carrier
phase, and gives the method of carrier phase integrity monitoring under Bayesian
framework. This method has high computational complexity and is only suitable for
post-processing. It has little significance in guiding real-time application theory in
engineering practice. In addition, this method is not applicable to the integrity moni-
toring of carrier Doppler, and cannot solve the integrity monitoring problem of carrier-
derived Doppler jump caused by satellite handover.

This paper presents a real-time Fault Detection and Elimination (FDE) method for
multi-satellite non-Gaussian carrier-derived Doppler integrity fault detection and
removal. The carrier-derived Doppler difference caused by multi-satellite handover can
be realized. The detection and elimination of constant jumps overcome the abnormal
jump problem of user clock speed sequence introduced by multi-satellite switching,
and improve the estimation accuracy and integrity of user clock speed when GNSS is
used to tame low orbit satellite clock. It has broad application prospects.

2 Non-Gaussian Carrier-Derived Doppler Measurement
Model

The input of autonomous integrity monitoring of carrier-derived Doppler receiver is the
carrier-derived Doppler of intermediate epoch which is calculated by the difference of
carrier phase between the first and last two epochs in three epochs. In epoch n, The
carrier phase of the LEO satellite GNSS receiver for the frequency point f and the
GNSS satellite s can be expressed as [7–9]

us
f ;rðnÞ ¼ qsrðnÞþ cdtrðnÞ � cdTsðnÞþ Isf ;rðnÞþ kf N

s
f ;rðnÞþ eu;f ðnÞ ð1Þ

where qsr the geometric distance between the phase centers of satellite antenna and
receiver antenna, c is the speed of light, dTs and dtr are the clock biases of the satellite
clock and receiver clock respectively, Isf ;r is the ionospheric error, kf and Ns

f ;r the
wavelength and ambiguity without ionosphere, respectively, represent the carrier phase
measurement noise.

Assuming that the satellite s at epoch n� 1, n, nþ 1 can be simultaneously viewed
by the receiver, the carrier-derived Doppler calculation method can be written as
follows.
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Ds
f ;rðnÞ ¼ �

us
f ;rðnþ 1Þ � us

f ;rðn� 1Þ
h i

2Ts
ð2Þ

where Ts represents the sampling interval between two adjacent epochs. Because the
errors of us

f ;rðnþ 1Þ and us
f ;rðn� 1Þ are non-Gaussian distribution, the error of Ds

f ;rðnÞ
is also non-Gaussian distribution. Thus, the pseudorange RAIM algorithm cannot be
applied to the receiver autonomous integrity monitoring of carrier derived Doppler.

3 Nearest Neighbor Clock Drift Constrained Carrier-Derived
Doppler Integrity FDE

Conventional receiver RAIM method assumes that only one satellite has integrity
failure at the same time [7, 10, 11]. However, in the process of carrier-derived Doppler
integrity monitoring, it is found that the above processing strategy is not ideal, because
there may be two satellites switching simultaneously in the same epoch. The proposed
method for detecting and eliminating carrier-derived Doppler integrity anomalies can
simultaneously detect and eliminate carrier-derived Doppler anomalies of multiple
satellites. In the nth epoch, the hypotheses of carrier-derived Doppler integrity H0 and
H1 can be described as:

H0: No integrity abnormality was found in the measured values of carrier-derived
Doppler of m satellites with the nth epoch.
H1: The integrity anomaly of carrier-derived Doppler measurements from one to
more satellites in m satellites of the nth epoch.

When more than four satellites can be observed at the same time, the unknown

vector x ¼ vrðnÞT ; cd_trðnÞ
� �T

which is composed by the user three-dimensional
velocity vrðnÞ and user clock drift d_trðnÞ, can be obtained by solving the following
formula (3) iteratively.

b ¼ Hxþ ev ð3Þ

b ¼

D1
f ;rðnÞ � v1ðnÞTe1r ðnÞ � _d1r;SagðnÞþ cd _T1

D2
f ;rðnÞ � v2ðnÞTe2r ðnÞ � _d2r;SagðnÞþ cd _T2

..

.

Dm
f ;rðnÞ � vmðnÞTemr ðnÞ � _dmr;SagðnÞþ cd _Tm

2
66664

3
77775 ð4Þ

H ¼
�e1r ðnÞT 1
�e2r ðnÞT 1

..

. ..
.

�emr ðnÞT 1

2
6664

3
7775 ð5Þ
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where vsðnÞ ¼ vsxðnÞ; vsyðnÞ; vszðnÞ
h iT

; s ¼ 1; 2; . . .;m denotes the three-dimensional

velocities of the observed m GNSS satellites at epoch n. The satellite-to-ground unit
vector corresponding to the satellite s can be expressed as

esrðnÞ ¼ rsðnÞ � rrðnÞ½ �= rsðnÞ � rrðnÞk k2 ð6Þ

where rsðnÞ ¼ ½xsðnÞ; ysðnÞ; zsðnÞ�T represents the three-dimensional position of the
corresponding GNSS satellite. rrðnÞ ¼ ½xrðnÞ; yrðnÞ; zrðnÞ�T is the unknown user
position。Sagnac changing rate _dsr;SagðnÞ can be expressed as

_dsr;SagðnÞ ¼
xe

c

vsyðnÞxrðnÞþ ysðnÞvx;rðnÞ�
vsxðnÞyrðnÞ � vy;rðnÞxsðnÞ

" #
ð7Þ

where xe is the earth rotation rate, vx;rðnÞ and vy;rðnÞ are the x and y components in the
user three dimensional velocity vrðnÞ.

After the iteration process solving the unknown vector x stopped, the converged
vector can be denoted as x0. The QR orthogonal-triangular decomposition of the
corresponding matrix H can be represented as [1–4]

H¼QR ð8Þ

where R is an upper triangular matrix, Q is an orthogonal matrix. Since Q�1 ¼QT, QT

can be divided with the following formula

QT ¼ Mð1:4;:Þ
Nð5:m;:Þ

� �
ð9Þ

By left multiplying the residual vector b by N; we get p ¼ Nb: Then the standard
deviation of p can be calculated in real-time as rd ¼ pTp=ðm� 4Þ: The vector test
statistic T and its corresponding detection threshold with the Gaussian distribution
approximation are denoted as

T ¼ pTN:=ðrd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sumðN: � N; 1Þ

p
Þ ð10Þ

Thd ¼ l � stdðTÞ; l 2 f1; 2; 3g ð11Þ

where :� represents element-wise multiplication. sumðA; 1Þ operates on successive
elements in the columns of A and returns a row vector of the sums of each column, l is
the threshold multiplier. The carrier-derived Doppler anomalies can be detected by
comparing the vector test statistic T with its Thd. The decision rules are: if T[ Thd,
the hypothesis H1 is accepted; if T� Thd, then the hypothesis H0 is accepted. When
the hypothesis H1 is accepted, collect the satellite numbers into the set X which meet
the condition T[ Thd. The number of elements in X is denoted as df .
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The visible satellite number at epoch n is denoted as !. Exterminating all possible
combinations of the elements of df taken 1*df at a time from X using C1

df ;C
2
df ; . . .;C

df
df ,

then a series of the candidate sets can be expressed as X1;X2; . . .;Xdf , The candidate
user velocities and clock drifts can be listed in the following sets as

X1 ¼ fxS1g; S 2 !nq; q 2 X1; cardðX1Þ ¼ df !
df � 1ð Þ! ð12Þ

X2 ¼ fxS2g; S 2 !nq; q 2 X2; cardðX2Þ ¼ df !
2 df � 2ð Þ! ð13Þ

. . .. . .

Xdf ¼ fxSdf g; S 2 !nq; q 2 Xdf ; cardðXdf Þ ¼ 1 ð14Þ

in which cardð�Þ is the number of elements in a set. The optimal user velocity and clock
drift can be chosen from the following union set

Xensemble ¼ X1 [X2 [ . . .[Xdf [fx0g ð15Þ

The optimal user velocities and clock drift is denoted as x�ðnÞ ¼ v�r ðnÞT ;
�

cd_t�r ðnÞ�T , the initial value is x�ð0Þ ¼ x0. The average user clock drift can be recur-
sively calculated as

cd_t�r ðn� 1Þ ¼ n� 2
n� 1

cd_t�r ðn� 2Þþ cd_t�r ðn� 1Þ
n� 1

ð16Þ

The rule of minimum absolute error is adopted to find the optimal index of the
optimal x�ðnÞ in Xensemble

i ¼ argmin
i

Xensemblefig4 � cd_t�r ðn� 1Þ
��� ���n o

ð17Þ

x�ðnÞ = Xensemblefig ð18Þ

where Xensemblefig4 represents the 4th component in the ith element of Xensemble.
Through the above approach, multiple non-Gaussian carrier-derived Doppler faults can
be effectively detected and eliminated.

4 Experiment Results

This section receives GPS RF signal data generated by Spirent simulator through
Trimble Net R9 receiver, and uses hydrogen clock to provide 10 MHz reference fre-
quency signal of the same source for Spirent simulator and Trimble receiver. Since the
LEO receiver uses a dual-frequency ionospheric-free combination to eliminate 99.9%
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of the ionospheric delay error, Spirent turns off the ionospheric and tropospheric delays
when simulating GPS signals. Without using carrier-derived Doppler abnormal
jumping and eliminating methods, the user clock speed calculated by carrier-derived
Doppler in observation period and the variation rule of visible satellite are shown in
Fig. 1.

The standard deviation of user clock speed in Fig. 1 is 2.3 mm. As can be seen
from Fig. 1, the fluctuation of user clock speed without carrier-derived Doppler FDE is
obvious, and the accuracy and stability of the user clock after taming will be directly
reduced by using such clock speed estimation. In theory, since the frequency of
Trimble receiver and Spirent simulator is homologous to the hydrogen clock, the clock
speed of the receiver should theoretically be stable near zero. In addition, the number of
satellites is switched frequently during the whole observation process, and the
switching of satellites corresponds to the jump of user clock speed estimation.
Therefore, it can be determined that one of the factors leading to the change of satellite
clock speed is due to satellite switching.

According to the traditional RAIM algorithm assumption, only one satellite’s
carrier-derived Doppler observations occur RAIM fault at a time. First, in Formula
(11), the list of satellites exceeding the threshold is detected and counted. The satellite
whose absolute value exceeds the threshold is selected and the result is shown in Fig. 2.

The standard deviation of the user’s clock speed in Fig. 2 is 3.1 mm. From Fig. 2,
after the detection and removal of a faulty satellite, the estimation curve of user clock
speed is generally flatter, but in some areas, the user clock speed is worse than that
without FDE, which exceeds 6E-11, so the clock speed estimation jumps greatly. The
reason is that satellite switching may exceed one at a time, and the measurement value
of only one satellite cannot eliminate the clock rate jump caused by multiple switching,
which can be confirmed by the satellite change curve in Fig. 1. The curve of user clock
speed estimation is shown in Fig. 3 after detecting and eliminating multiple fault
satellites by the method presented in this paper.

Fig. 1. User clock drift against visible satellite number variation without carrier-derived Doppler
integrity FDE
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The standard deviation of user clock speed in Fig. 3 is 1.6 mm. From Fig. 3, it can
be seen that the accuracy of the user clock speed after the detection and removal of
multiple faulty satellites by this method is significantly higher than that of the user
clock speed of the non-carrier-derived Doppler integrity FDE and that of the user clock
speed of only one faulty satellite detected and removed, and the change of the user
clock speed is more stable in the whole observation interval. In Fig. 4, a comparison of
the effects of carrier-derived Doppler integrity FDE of multiple satellites on improving
user clock stability is given.

As can be seen from Fig. 4, the stability of the multi-satellite carrier-derived
Doppler integrity FDE method in this paper deteriorated slightly before 64 s, and the
deterioration range was less than 5E-13. After 64 s, the medium-term and long-term
stability of the multi-satellite carrier-derived Doppler integrity FDE method improved
significantly, and the improvement range was 5E-13*2E-12. The slight deterioration
of stability before 64S is due to the use of the information of the average user clock
difference at the front L-point in the carrier-derived Doppler RAIM algorithm proposed
in this paper.

Fig. 3. User clock drift after removing multiple faulted satellites

Fig. 2. User clock drift after removing 1 faulted satellite
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5 Conclusions

In this paper, a multi-satellite non-Gaussian carrier-derived Doppler integrity fault
detection and elimination method is studied. The nearest neighbor clock speed con-
straint model can detect and eliminate the carrier-derived Doppler anomaly of multiple
satellites under non-Gaussian distribution. It can effectively suppress the user clock
jitter caused by simultaneous switching of multiple satellites and improve the medium

Fig. 4. Comparison of user clock stability performance before and after multiple satellite carrier-
derived Doppler FDE. (a) user frequency stability without FDE; (b) user frequency stability with
multiple fault satellite FDE
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and long-term stability of user clock speed estimation. The experimental results show
that the stability of users using broadcast ephemeris is improved from 64 s to 10,000 s,
except that the stability before 64 s is not worse than 5E-13. The research results in this
paper can realize the autonomous monitoring of carrier-derived Doppler integrity of
multi-satellite non-Gaussian distribution, satisfy the application requirements of
integrity monitoring of carrier-derived Doppler observations of LEO satellites, and
satisfy the requirements of real-time processing on LEO satellites. It can provide real-
time and high-precision estimation of clock speeds of LEO satellites using carrier-
derived Doppler in the future. Domestication provides a theoretical basis.
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