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Abstract
Train length status reflects whether the carriage is uncoupled or thrown away, it directly affects the safety and efficiency of 
train operations. At present, satellite positioning technology is used within a train length monitoring system. Such a system 
can ensure positioning accuracy while reducing the need for trackside equipment. For train length monitoring using GNSS 
technology, multi-constellation can utilize more visible satellites and achieve better spatial geometric distribution. A robust 
train length calculation method using multi-constellation GNSS moving-baseline positioning resolution is proposed. The 
time and space coordinate systems of the Global Positioning System (GPS) and BeiDou Navigation Satellite System (BDS) 
are unified as the foundation to realize multi-constellation positioning. Double-differenced carrier phase measurements are 
used to mitigate or eliminate the propagation errors and the satellite and receiver clock errors. Then, the moving-baseline 
length can be estimated using a Kalman filtering algorithm, and the carrier phase ambiguity terms are fixed using an online 
ambiguity fix algorithm to further improve the system performance. More measurements are utilized in the multi-constellation 
train length calculation method, the probability of fault measurement would be increased thereafter, and thus, the fault 
identification and adaptive filtering algorithm is introduced in the multi-constellation train length calculation to reduce the 
influence of fault measurement on the accuracy of moving-baseline solution and enhance the robustness of the system. To 
evaluate the performance of the proposed system, an experiment was conducted on the Beijing-Shenyang high-speed railway 
line. The results obtained on GPS-FLOAT, GPS-FIX, GPS/BDS-FLOAT, and GPS/BDS-FIX modes were compared. Both 
the FLOAT and FIX solutions can achieve the train length computation with sub-meter level accuracy, which can prove 
that the system is able to be adapt to the different GNSS signal conditions. The GPS/BDS-FIX solution can achieve train 
length accuracy with RMS of 0.155 m, which is better than the other three solutions. In addition, the moving-baseline 
accuracy is further improved after the adaptive filtering algorithm is added to smooth the noise interference, which had the 
best performance with RMS of 0.077 m compared with the non-adaptive filtering solutions. The superiority of the adaptive 
filtering algorithm is verified via using the dataset including two types of random fault measurements. It is proved that the 
random faults can be tolerated using adaptive filtering algorithm. The effectiveness and superiority of proposed robust train 
monitoring system are confirmed via comparison of results and simulation of different scenes.

Keywords Multi-constellation positioning · Train length monitoring · Next generation train control system · Train length 
calculation method · Adaptive filtering

Introduction

Train length refers to the physical coupling of trains using 
devices known as couplers (Li et al. 2017a, b). The track 
circuit and axle counter are used for traditional train length 
monitoring in the Chinese Train Control System (CTCS-3) 
and the European Train Control System (ETCS-2) (Li et al. 
2017a, b; Neri et al. 2014). The large quantity of ground 
equipment requires considerable manpower, resulting in 
significant costs for installation as well as inconvenience 
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for maintenance tasks. The next-generation train control 
system (NGTC) has stated that the NGTC would adopt the 
use of onboard equipment for the purpose of train length 
monitoring, decreasing dependence on trackside equipment 
(Scholten et al. 2009a, b) such as track circuits and axle 
counters.

Train length monitoring can refer to that all the carriages 
of the train are linked together without decoupling. Carriages 
connected with each other are assumed as the normal 
condition. Sometimes, a carriage is accidentally decoupled 
from the train due to coupler device malfunction. In the 
process of train operation, train couplers are frequently 
squeezed and stretched under different movement conditions 
(traction, emergency braking, acceleration, and deceleration) 
and different line conditions (uphill, downhill, switches, etc.) 
(Li et al. 2017a, b). Worn couplers may lead to decoupling 
of carriages, and these decoupled carriages will be left in the 
block section. Train operation efficiency will be reduced if 
these carriages canot be found and cleaned in time. Hence, 
it is necessary to check whether the train is deformed by 
monitoring the train’s length status (Scholten et al. 2009a, 
b).

Current onboard equipment-based train length monitor-
ing mainly uses wireless communication transmission tech-
nology to transmit the wind pressure state (Cui 2019) and 
movement of the head of the train (HOT) and end of the train 
(EOT) (Fig. 1). The air pressure brake pipe will disconnect 
when the train carriages are separated. Therefore, the pres-
sure value will be lower than its normal value and hence 
can reflect the train length state. However, this method has a 
probability of false alarm if the wind pressure pipe leaks (Li 
et al. 2017a, b; Oh et al. 2012; Guo 2020). For the movement 
detection method, although the accelerometer equipment is 
simple and easy to implement, the movement state of HOT 
and EOT might be inconsistent due to the buffer gap between 
train couplers, which will affect the accuracy of the train 
length monitoring (Guo 2020).

Satellite positioning technology is increasing in train 
control systems (Jiang et al. 2018; Jia 2020). The European 

Union’s Shift2Rail (S2R) plan proposes a multi-sensor 
train positioning system, and Global Navigation Satellite 
System (GNSS) technology is to be used to further improve 
the quality of train length information (Lin et al. 2019). 
The PTC system proposed by the U.S. Federal Railway 
Administration (FRA) also requires that train positioning 
be carried out using GPS (Cai and Zhao 2010). In China, 
Alstom’s Incremental Train Control System (ITCS) has been 
successfully implemented in Chinese Qinghai-Tibet Railway. 

Calculating the train length using satellite positioning is 
one way of monitoring the train’s length state independent 
of trackside equipment (Stallo et al. 2018; Lauer and Stein 
2014). The method of monitoring the train’s length state 
by satellite positioning has the advantages of higher real-
time performance and more accuracy. The localization of 
the HOT and EOT are determined using GNSS signals; 
then, the distance between the two carriages is calculated 
in real-time. When the train length monitoring is realized 
by satellite positioning, the directly related parameter is 
the moving-baseline (baseline length of the head and end 
antennas of the train), the indirect parameters include 
satellite signal observations such as pseudorange and carrier 
phase. Currently, most of these methods are realized using 
GNSS pseudorange positioning. For example, Neri proposed 
a method based on double-differenced pseudorange 
measurements. Although this method eliminates the clock 
errors and reduces signal propagation errors, the train length 
error still reaches 2 m (Neri et al. 2014). Compared with 
pseudorange measurements, carrier phase measurement 
processing can achieve higher positioning accuracy due to 
the much lower measurement noise. However, the phase 
ambiguity needs to be estimated. A double-differenced 
carrier phase algorithm was used to improve positioning 
accuracy. Train length calculation method using the double-
differenced carrier phase algorithm for a single GNSS 
constellation has demonstrated an RMS of 0.6 m in train 
length determination (Jiang et al. 2020).

However, the performance of a system based on a 
single GNSS constellation might be impacted in certain 

Fig. 1  Train length monitoring 
using onboard equipment
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satellite signal blockage situations, such as tunnels, 
bridges, and among urban buildings, which are common 
environments along railway lines. A system based on 
multi-constellation GNSS has more visible satellites and 
better geometric distribution of satellites (He et al. 2019; 
Erhu et al. 2017; Odolinski et al 2015). It is more suitable 
for train operations, resulting in continuous, stable and 
reliable positioning. BDS has just completed deployment 
and achieved full operational capability (FOC) (Lu and 
Schnieder 2014). The combination of GPS and BDS was 
studied to solve the problem that satellite signals are easily 
blocked in railway scenes and improve the reliability of the 
train length monitoring algorithm.

The number of visible satellites is increased in the 
multi-constellation system; the probability of fault satellite 
observation information may increase thereafter (Yang et al. 
2014). In order to ensure the accuracy of the train moving-
baseline calculation and avoid the results unavailability due 
to the fault measurement information, the robustness of the 
train length monitoring system needs to be improved. In 
related research, fault detection and exclude technology 
(FDE) is usually used to remove faulty satellites to improve 
the accuracy of moving-baseline solution (Zhu et al. 2019; 
Li et al. 2010). However, the failed satellite may also contain 
useful observation information, the simply satellite exclusion 
may exclude “residual” useful information, the number of 
visible satellites would decrease, and the satellites geometric 
distribution would be affected as well. The conventional 
FDE method still has the chance to decrease the system 
performance. Therefore, the algorithm that makes full use 
of measurement information should be adopted to improve 
the performance of the train length calculation system (Lee 
et al. 2016). We present the fault measurement identification 
and adaptive filtering algorithm to improve the robustness 
of train length monitoring system. For fault measurement, 
the conduct process is not simply direct exclusion, but 
change the weight of fault measurement in the filtering 
process to decrease the adverse effects on the moving-
baseline calculation results. In addition, the influence of the 
coupling between satellite observation information during 
the double-difference carrier phase process may be reduced 
through this method. Furthermore, in order to improve the 
robustness of our system, the system can be achieved with 
floating-point and fixed ambiguity solutions. Both of them 
can help achieving stable train length calculations. The fixed 
ambiguity solutions are assumed with better train length 
computation accuracy compared with the floating-point 
solutions, but the GNSS signal quality is required to be in 
good condition. While the floating-point solutions can be 
obtained without such critical requirements. In areas with 
good satellite signal quality, the system will operate under 
the ambiguity-fixed mode, while when the train runs on the 

GNSS difficult areas, the system will switch to the ambiguity 
floating-point mode.

We discuss a robust train length calculation method based 
on multi-constellation GNSS measurements to improve 
train’s length resolution. The space–time reference frame 
needs to be unified at first. A double-differenced carrier 
phase algorithm is used to eliminate the satellite and 
receiver clock errors and mitigate the signal propagation 
delay errors. Then, the moving-baseline vector coordinates 
are calculated using a Kalman filter. In order to further 
improve the positioning accuracy, the ambiguity floating-
point solution obtained by the Kalman filter was transformed 
to an integer solution. Then, the adaptive filtering algorithm 
is proposed based on the multi-constellation moving-
baseline solution to improve the robustness of train length 
calculation method. This enables the system to perform 
well in the various uncertainties of railway complexity 
and in different challenging positioning scenarios. The 
robustness of the system is reflected in two aspects: On 
the one hand, the system has a certain tolerance for input 
and has the ability to handle fault data. On the other hand, 
the system outputs stable and reliable train length results 
under both fixed and floating ambiguity mode. There are two 
contributions of this paper: (1) The moving-baseline length 
of the train is calculated through double-difference carrier 
phase algorithm, which is used to monitor the length of the 
train. The safety threshold for this paper is given, and the 
train decoupling scenario is simulated in the experimental 
section. (2) The fault identification and adaptive filtering 
algorithm is proposed to improve the robustness of the 
system; hence, the influence of incorrect satellite observation 
on the accuracy of moving-baseline calculation is reduced.

The real high-speed railway experiment data are selected 
to verify the effectiveness of the algorithm. The antennas 
are installed in the HOT and EOT, and the moving-baseline 
length between the two antennas is calculated to reflect the 
length of the train. The advantages of multi-constellation 
system and adaptive filtering algorithm are proved through 
the comparison of the experiment results. In addition, two 
GPS limited positioning situations are simulated to verify 
the advantages of multi-constellation system. Then, the 
different types of random faults (include random gross 
error and random constant error) are simulated to further 
verify the robustness of multi-constellation train length 
calculation method. The safety threshold for this paper is 
designed and given, and then, the calculated train length 
results are compared with the safety threshold to obtain the 
train length status. In the experimental section, the train 
decoupling scenario was simulated. It is further proved that 
the algorithm is effective for train length status.

The second part describes measurement processing algo-
rithm, which can be divided into five sections: The first sec-
tion presents the space–time reference unification for the 
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multi-constellation combination approach. The second sec-
tion introduces the double-differenced carrier phase algo-
rithm. Then, the next section describes the multi-constellation 
Kalman filtering. The fourth section is concerned with the 
ambiguity fixing algorithm. The last section presents the fault 
measurement identification and adaptive fault-tolerant algo-
rithm. The third part summarizes the train length monitoring 
process. The experimental results are presented in the fourth 
part. Finally, the conclusions are drawn in the last part. The 
framework is shown in Fig. 2.

Multi‑constellation combination algorithm

A space–time reference frame is a basic requirement for a 
satellite positioning system. A user receiver position can 
be located accurately using multi-constellation integrated 
positioning solutions only in a unified space–time frame 
(Li 2020). We present that the BDS space–time frame was 
converted to the GPS frame.

The GPS time scale (GPST) is realized by the atomic time 
system (AT) and starts at 00:00:00 on January 6, 1980. The 
BDS time scale uses the BeiDou time (BDST), generated by 
the master clock (Li 2020), and starts at 00:00:00 on January 
1, 2006. The time system difference between BDS and GPS 
was 1356 weeks from 1980-01-06 to 2006-01-01. Besides, 
there is also an integer difference of 14 s between BDT and 
GPST because of the inclusion of leap seconds. Hence, the 
relationship between BDST and GPST can be written as:

In terms of spatial reference frames, BDS uses the 
Chinese Geodetic Coordinate System (CGCS-2000), 
whereas GPS uses the World Geodetic System (WGS84). 
Both are consistent with the realization of the International 
Earth Reference System (ITRS) known as the International 
Terrestrial Reference Frame (ITRF). See Table 1.

The origin and semi-major axis of the reference ellipsoids 
of the two coordinate systems are the same. The universal 
gravitational constant and flattening of the ellipsoid are of 
the two coordinate systems very small (Ning et al. 2013; Li 
et al. 2014); hence, we ignore them.

Double‑differenced carrier phase algorithm

The carrier phase observation equation can be written as:

where � represents the measured carrier phase, � is the 
wavelength of the observed signal, r is the geometric 
distance between satellite and receiver, I is the ionospheric 
delay in satellite signal propagation path, T is the 
tropospheric delay,�t and dt are clock error of receivers and 
satellites, respectively. N is the integer ambiguity, and � is 
the residual error.

(1)GPSTweek = BDSTweek + 1356(week)

(2)GPSTsec = BDSTsec + 14(s)

(3)�� = r − I + T + c(�t − dt) + �N + �
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Fig. 2  The structural framework

Table 1  Comparison of different coordinate systems

Reference frame WGS84 CGCS-2000

Origin of coordinate Earth centroid Earth centroid
Semi-major axis (m) 6,378,137.0 6,378,137.0
Universal gravitational 

constant (m3/s2)
398,600.5 × 109 398,600.441 × 109

Flattening of the ellipsoid 1/298.257223563 1/298.257222101

Fig. 3  Double-differenced carrier phase concept
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Figure 3 is the concept of double-differenced carrier 
phase for multi-constellation train length monitoring. The 
antennas are installed on the HOT and EOT. When a sat-
ellite is observed by two antennas, the ionospheric error, 
tropospheric error, other propagation path errors, and 
satellite clock error are eliminated by inter-station meas-
urement differencing. For the same antenna, the reference 
satellite and other satellites using inter-satellite differenc-
ing eliminate the receiver clock error.

The double-differenced carrier phase observation 
equation can therefore be written as:

where the superscript ij indicates the pair of satellites in 
the between satellite differences, the subscript H stands 
for HOT, the subscript E stands for EOT, and the subscript 
EH indicates the difference between the HOT and EOT 
measurements.

r
ij

EH
 in (4) can be further expressed as:

The distance between satellite and receiver is nonlinear, 
so it needs to select an antenna as the main antenna (EOT 
antenna is used as the main antenna), and the ri

E
,ri
H

,rj
E
,rj
H

 
will be linearized at the approximate position of the main 
antenna. The linearized distance between ith satellite and 
EOT antenna can be written as:

where (xi, yi, zi) is coordinates of the ith satellite in question, 
(x̃E, ỹE, z̃E) is approximate coordinates of the EOT antenna. 
r̃i
E
 indicates the approximate distance between the ith 

satellite and the EOT antenna. dx, dy, dz in (6) denotes the 
baseline vector between the position of EOT antenna and its 
approximate position, which can be neglected.

Therefore, the (6) can be further expressed as:

Similarly, the linearized distance between ith satellite 
and HOT antenna can be written as:

The dx, dy, dz in (8) means the baseline vector between 
the position of HOT antenna and approximate position of 
EOT antenna, which can be further expressed as Δx,Δy,Δz
.

The rj
E
r
j

H
 can be obtained in the same way.

(4)�
ij

EH
= (�i

E
− �i

H
) − (�

j

E
− �

j

H
) =�−1r

ij

EH
+ N

ij

EH
+ �

ij

EH

(5)r
ij

EH
= r

ij

E
− r

ij

H
= ri

E
− r

j

E
− (ri

H
− r

j

H
)

(6)ri
E
≈ r̃i

E
−

xi − x̃E

r̃i
E

dx −
yi − ỹE

r̃i
E

dy −
zi − z̃E

r̃i
E

dz

(7)ri
E
≈ r̃i

E

(8)ri
H
≈ r̃i

E
−

xi − x̃E

r̃i
E

dx −
yi − ỹE

r̃i
E

dy −
zi − z̃E

r̃i
E

dz

Therefore, the difference between the distance from ith 
satellite to EOT antenna and the distance from satellite ith 
to HOT antenna can be written as:

Substituting rij
EH

 (after double-differencing) into (4), the 
double-differenced carrier phase observation equation can be 
rewritten as:

bij and cij can be obtained in the same way.

Multi‑constellation moving‑baseline 
resolution algorithm

A system filter is needed to combine the GPS and BDS 
measurements so as to calculate the system state and 
subsequently calculate the length of the moving-baseline.

The Kalman filter (KF) is a linearized estimation process 
that utilizes a dynamic system model. The dynamic model 
describes how the state of the system evolves over time. 
The system states include position, velocity, acceleration, 
and ambiguity. The KF includes a movement model and the 
observation model. The movement model is based on the 
previous state of the system and is used to predict the present 
state, which can be written as:

The measurement model can be written as:

Since the relative speed of the moving-baseline has a strong 
correlation, the first-order Markov acceleration model was 
selected as the movement model. The estimated state X(k) 
can be written as:

(9)ri
EH

= ri
E
− ri

H
=

xi − x̃H

ri
H

Δx +
yi − ỹH

ri
H

Δy +
zi − z̃H

ri
H

Δz

(10)r
ij

EH
= ri

EH
− r

j

EH

(11)��
ij

EH
=
�
aij bij cij

�⎡⎢⎢⎣

Δx

Δy

Δz

⎤
⎥⎥⎦
+ �N

ij

EH

(12)aij = ai − aj =
xi − xH

ri
H

−
xj − xH

r
j

H

(13)X(k) = AX(k − 1)+W(k)

(14)Z(k) = H(k)X(k) + V(k)

(15)

X(k)T =
[
Δx Δy Δz Δvx Δvy Δvz Δv̇x Δv̇y Δv̇z

NG1Gm
HE

NG2Gm
HE

⋯ N
G(nG−1)Gm

HE
NB1Bl
HE

NB2Bl
HE

⋯ N
B(nB−1)Bl

HE

]



 GPS Solutions (2024) 28:114114 Page 6 of 19

where (Δvx, Δvy, Δvz) and (Δv̇x, Δv̇y, Δv̇z) are the relative 
velocity and acceleration in three directions, respectively, G 
and B correspond to GPS system and BDS system. nG and 
nB are the number of GPS and BDS satellites, respectively. 
(N

G1Gm

HE
,N

G2Gm

HE
,⋯ ,N

G(nG−1)Gm

HE
) is the matrix composed of 

double-differenced integer ambiguity terms corresponding 
to GPS; (NB1Bl

HE
,N

B2Bl

HE
,⋯ ,N

B(nG−1)Bl

HE
) is the matrix composed 

of double-differenced integer ambiguity terms correspond-
ing to BDS. m and l denote the reference GPS and BDS 
satellites, respectively. NG1Gm

HE
 indicates the ambiguity after 

GPS double-differencing, and the subscript G1Gm indicates 
the inter-satellite difference between the first satellite and 
the reference satellite. Similarly, NB1Bl

HE
 indicates the integer 

ambiguity after BDS double-differencing.
State transition matrix A can be written as:

W(k) N(0,Q(k)) is the process noise of the system. The 
noise matrix of the system can be written as:

where � is the correlation time, w is the double-differenced 
ambiguity of random walk process, and ΔT  is the sampling 
frequency.

The observation matrix of the system consists of the 
double-differenced carrier phase measurements:

The measurement matrix of the system can be written as:

(16)A =

⎡
⎢⎢⎢⎢⎣

I3×3 ΔT ⋅ I3×3 03×3 03×[(nG−1)+(nB−1)]
03×3 I3×3 ΔT ⋅ I3×3 03×[(nG−1)+(nB−1)]
03×3 03×3 I3×3 03×[(nG−1)+(nB−1)]

0[(nG−1)+(nB−1)]×3 0[(nG−1)+(nB−1)]×3 0[(nG−1)+(nB−1)]×3 I[(nG−1)+(nB−1)]×[(nG−1)+(nB−1)]

⎤⎥⎥⎥⎥⎦

(17)
Q(k) = diag

(
01×3 01×3

2∗ΔT2

�

2∗ΔT2

�

2∗ΔT2

�
w1×(nG−1)

w1×(nB−1)

)

(18)
Z(k) =

[
�G1Gm
EH

�G2Gm
EH

... �
G(nG−1)Gm

EH �B1Bl
EH

�B2Bl
EH

... �
B(nB−1)Bl

EH

]T

(19)H(k) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

aG1Gm bG1Gm cG1Gm

aG2Gm bG2Gm cG2Gm

⋮ ⋮ ⋮ 0(nG−1)×6
�G ⋅ I(nG−1)×(nG−1)

aG(nG−1)Gm bG(nG−1)Gm cG(nG−1)Gm

aB1Bl bB1Bl cB1Bl

aB2Bl bB2Bl bB2Bl

⋮ ⋮ ⋮ 0(nB−1)×6
�B ⋅ I(nB−1)×(nB−1)

aB(nB−1)Bl bB(nB−1)Bl cB(nB−1)Bl

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�G and �B are the GPS and BDS signal wavelengths, 
respectively.

V(k) N(0,R(k)) is the measurement noise of the system. 
The covariance matrix R(k) can be written as:

After the time updating and measurement updating 
process, the state vector values are corrected and the relative 
position for every epoch can be used to calculate the train 
length. The calculated moving-baseline length is:

By comparing the calculated moving-baseline length 
and actual length of the train, the train length status can be 
determined.

Online fixing of multi‑constellation system 
ambiguities

Estimating the integer ambiguity terms is a key requirement 
to achieving high-precision carrier phase-based GNSS posi-
tioning. The double-differenced ambiguity terms estimated 
by the KF have floating-point values. Floating-point ambi-
guity is easier to obtain, but the accuracy is relatively low. 
Fixed ambiguity corresponds to higher positioning accu-
racy, but it is difficult to achieve long-term sustainability 

(20)R(k) = 2�2

⎡⎢⎢⎢⎣

2 1 ⋯ 1

1 2 ⋯ 1

⋱

1 1 ⋯ 2

⎤⎥⎥⎥⎦
[(nG−1)+(nB−1)]×[(nG−1)+(nB−1)]

(21)L=
√
Δx2 + Δy2 + Δz2
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in railway applications. This requirement is that the system 
should be robust and ensure reliable positioning results 
regardless of floating-point ambiguity or fixed ambiguity. 
These need to be “fixed” to their integer values. Further-
more, the visible satellites may change frequently with the 
train running at high speed. An online ambiguity fixing algo-
rithm is used, as in Fig. 4.

The integer ambiguity fixing process can be simply 
summarized as constructing an integer space, which 
will contain all fixed ambiguity solutions, so as to 
reduce the integer search range in the integer ambiguity 
fixing process. Decorrelation through the linear Gauss 
transformation solution was carried out because the 
integer ambiguities in the search space are correlated 
with each other. The integer Z-transformation was used 
for this decorrelation process. Then, search for the integer 
ambiguities from back to front (Zhang et al 2012). When 
the number of visible satellites changes and new satellites 
is observed, the corresponding ambiguity floating-point 
solution is calculated using the antenna position at the 
previous epoch, and then using the ambiguity fixing 
algorithm to obtain the integer value. The three main steps 
of the ambiguity fixing algorithm therefore are:

1. The decorrelation of integer ambiguity

The covariance matrix of ambiguity floating-point 
estimates has the characteristics of symmetry and positive 
definiteness. Therefore, the lower Cholesky decomposition 
method is used to decompose variance–covariance matrix 
for the correlated ambiguity solution calculated by the 

KF. Due to the integer nature of the Z-transformation, the 
elements of the decomposed triangular matrix need to be 
rounded. Repeating above steps until the final triangular 
matrix becomes a unit matrix. The variance–covariance 
matrix obtained by this method reduces the correlation 
between ambiguity estimates.

2. Determination of search space

After obtaining the variance–covariance matrix in step 
(1), the integer minimization solution of the transformed 
ambiguities was obtained, and thus, the search boundary 
of integer ambiguity could be determined.

3. Solution of integer ambiguity

Integer ambiguity values were searched recursively from 
ambiguity of the nth carrier phase (double-differenced) 
observable to the ambiguity of the first carrier phase 
observable. Finally, the fixed integer ambiguity values could 
be obtained by inverse integer transformation.

The fixed ambiguities can be used to improve the accu-
racy of positioning. In addition, compared with the single 
constellation approach, the multi-constellation approach 
ensures that there are more measurements. Therefore, the 
online fixing ambiguity algorithm for multi-constellation 
observables can generate fast and accurate baseline com-
putations for accurate and reliable train length calculation.

Robust optimization of train length 
calculation algorithm

In order to avoid the adverse impact of fault measurement 
information on the results, the fault identification and 
adaptive filtering algorithm of train length calculation are 
proposed. The algorithm will be divided into two parts: the 
first is to identify the fault measurement information for each 
epoch, and the second is to adjust the fault measurement 
adaptively. Railway positioning scenarios are complex and 
change frequently. It is required that the performance of 
the system is not affected by incorrect data input or slight 
changes. The system can maintain stability and robustness 
under different types of input data.

1. Fault satellite identification based on measurement 
innovation

According to the linearized observation equation, the 
measurement innovation of the train length calculation 
system can be written as:

Floa�ng-point
ambiguity

The decorrela�on
of integer
ambiguity

Determina�on of
search space for
integer ambiguity

Search the integer
ambiguity

Capture the new
satellites?

Obtain the
floa�ng-point

ambiguity value of
new satellites

Calculate the
length of baseline

N

Y

The next epoch

Obtain the fixed
ambiguity

Fixed ambiguity in
last epoch

rela�ve posi�on in last
epoch

Fig. 4  Online fixing of ambiguity process
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Therefore, the theoretical covariance matrix S(k) of 
measuring innovation can be further expressed as:

where P(k∕k − 1) represents the covariance matrix of one-
step prediction state error.

The fault identification of measurement is based on the 
ratio of theoretical covariance matrix and actual covariance 
matrix of measurement innovation. The actual covariance 
matrix of measured innovation can be expressed as:

The k represents the current epoch, i represents the 
satellite in the current epoch.

The actual covariance matrix of the measurement 
innovation is related to the moving-baseline solution of 
the previous epoch. In order to obtain a more accurate 
actual covariance matrix of measurement information, a 
sliding window is set to obtain the average value of actual 
covariance of measurement innovation within the length 
of a sliding window. The average value Ŝw(k) of the actual 
covariance after adding the sliding window can be written 
as:

where N is the length of the sliding window, which is set to 
20. l represents the epoch in the sliding window.

The ratio between theoretical covariance matrix and 
actual covariance matrix of measured innovation can be 
expressed as �,

When the value of � reaches 1, the current filtering 
estimation is optimal, but this situation is hard to achieve. 
Therefore, a coefficient factor d is set to judge whether there 
is a fault measurement in the current epoch. The value of d 
depends on the measurement innovation when there is no 
fault. While the � is bigger than the set coefficient factor d , 
it means that the measurement value of this satellite needs to 
be further adjusted. The judgment condition can be further 
expressed as:

The d of (27) can be written as:

(22)r(k) = Z(k) −H(k) ⋅ X(k)

(23)S(k) = E
[
r(k)r(k)T

]
= H(k)P(k∕k − 1)H(k)T + R(k)

(24)Ŝ(k) = diag(r[i]2)i = 1, 2,… , n

(25)Ŝw(k) =
1

N

k∑
l=k−N+1

r(l)r(l)T

(26)�[i] =
Ŝw[i, i]

S[i, i]

(27)Ŝw[i, i] ≥ S[i, i] ⋅ d

where �min is the minimum error of measurement, �min is 
minimum value of measurement failure. The values of �min 
and �min are set according to the experimental data.

If the judgment condition of (27) is established, it proves 
that the measurement information of the ith satellite is faulty, 
which need to be adjusted using adaptive filtering algorithm.

2. Adaptive filtering algorithm

After the fault measurement information is identified, the 
influence of the fault measurement information on the final 
result can be reduced through changing and assigning the 
weight to the fault measurement information. The negative 
impact of the fault information can be decreased, and the 
observation information can be used adequately using this 
adaptive adjustment.

The measurement noise covariance R(k) reflects the 
degree of trust in the observation during the process of 
filtering. Therefore, a measurement noise covariance 
adjustment method based on adaptive adjustment factor 
is proposed. If there is a fault in the measurement of the 
satellite i , the measurement weight can be further reduced by 
increasing the measurement noise covariance corresponding 
to this satellite, and the influence of the fault measurement 
on the result accuracy can be reduced.

The process of the measurement noise covariance matrix 
R adaptive adjustment is as follows:

After adjusting the matrix R(k) , the filter gain K̂(k) is 
calculated in the process of KF:

Furthermore, the state X̂(k) and its covariance matrix be 
obtained.

Through the above steps, the adaptive filtering adjustment 
is completed, and the adjusted state estimation is obtained. 
The adjusted measurement noise matrix R(k) will continue 
to be used in the next epoch. The complete process of fault 
measurement identification and adaptive filtering is shown 
in Fig. 5.

(28)d =
(�min − �min)

2

�2
min

(29)R̂[i, i] = 𝜆[i]R[i, i]

(30)
K̂(k) = P(k∕k − 1)H(k)T [H(k)P(k∕k − 1)H(k)T + R̂(k)]−1

(31)X̂(k) = X̂(k∕k − 1) + K̂(k)[Z(k) −H(k)X̂(k∕k − 1)]−1

(32)P̂(k) = (I − K̂(k)H(k))P(k∕k − 1)
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Train length state judgment safety threshold 
setting

The setting of threshold greatly affects the efficiency of 
train length monitoring. Therefore, an appropriate value 
should be taken when setting the train length monitoring 
threshold. If the given threshold is too small, the train length 
monitoring system will be too sensitive, which will increase 
the probability of false alarm and affect the efficiency of 
train operation. On the contrary, if the monitoring threshold 
is too large, the train carriages cannot be found out in time, 
which will affect the safety of train operation. The threshold 
is normally defined based on the accuracy of the train length 
resolution. In this paper, the accuracy of moving-baseline 
can reach sub-meter level, the threshold also should be 
lowered appropriately to ensure the accuracy and efficiency 
of the train length monitoring system.

This paper investigates two key factors for threshold 
selection: the baseline solution error and communication 
delay. On the one hand, calculating train length by using 
a moving-baseline model, the train carriages are not 
rigidly connected, which makes it a challenge to apply 
effective baseline length constraints, thus affecting the 
accuracy of train length calculation. On the other hand, the 

railway operating environment is complex, with bridges, 
mountainous areas, cities, etc. along the route. Even if 
fault detection algorithm is used for robust processing, the 
multipath effect is still obviously affecting the quality of 
train length calculations. Considering the general accuracy 
of baseline length calculation based on carrier phase and the 
results of baseline calculation in this paper, it is concluded 
that the baseline accuracy level is sub-meter. Thus, the 
threshold can be set by the assumed train length error as,

With the development of railway communication 
technology, the current train control system adopts 
LTE-R communication technology, and the upper limit of 
communication transmission delay is 50 ms (He et al. 2016). 
The adverse effects of communication delays in train length 
monitoring systems should be considered. EOT needs to 
send the measured data to HOT through communication 
link, and then, the system calculates the train length. 
Under the condition of abnormal train separation, EOT 
will be in a coasting state due to air resistance, and HOT 
will continue to operate at the previous constant speed. 
The train length error caused by communication delay can 
be calculated by multiplying the maximum relative speed 
by the time delay, and the maximum relative speed can be 
obtained by multiplying the deceleration by time. With the 
increase of the relative speed between HOT and EOT, the 
equivalent length error related to the communication delay 
also increases. According to the traction dynamics model 
of high-speed trains (Serajian et al. 2019), the train natural 
deceleration caused by air resistance and friction is about 
3 m/s2. According to the requirements of the train length 
detection system, it is assumed that the abnormal train length 
will be detected within 10 s. The dynamic model of train 
operation is complex, and here, the braking deceleration of 
the train is simplified as a constant, rather than accurately 
describing the relative movement of trains. The maximum 
relative speed between HOT and EOT is 30 m/s within 10 s; 
thus, the threshold of the train length is set as 1.5 m by the 
computed distance caused by communication delay as,

Train length calculation error and communication delay 
error are considered together. The threshold level of inte-
grated train length is set to 2.5 m.

There is no published standard value for the safety 
threshold of train length status. If the train length is 

(33)Lerror = Lbaseline
error

= 1m

(34)ΔVmax = a ∗ 10 = 30m∕s

(35)Ldelay = ΔVmax ∗ tdelay = 30 ∗ 0.05 = 1.5m

(36)Lthreshold = Lerror + Ldelay = 2.5m

Fig. 5  Fault measurement fault identification and adaptive filtering 
process
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calculated by pseudorange single-point positioning to judge 
the train length status, the corresponding train length error 
threshold is about 10 m. The application of the robust train 
length calculation method proposed in this paper is very 
beneficial to reduce the safety threshold Lerror and ensure 
the safe and efficient train operation. Reducing the threshold 
Lthreshold for train length monitoring related to train length 
calculation errors is one of the main innovations of this 
paper.

The operation flow of train length 
monitoring system

The performance of train length monitoring system based on 
moving-baseline calculation is mainly improved from two 
aspects, which include the addition of multi-constellation 
system and adaptive filtering algorithm. The operation flow 
of the train length monitoring system is as follows:

Step1: Data acquisition and pre-processing: Receive GPS 
and BDS satellite signals through antennas installed at the 
head and end of the train, analyze the received satellite signals, 
and select reference satellites based on altitude angle.

Step2: Multi-constellation moving-baseline solution: Inter-
station differences and inter-satellite differences eliminate 
the influence of clock errors and mitigate propagation path 
errors. The KF is used to estimate the position vector between 
the two antennas, at HOT and EOT. The floating-point value 
ambiguity terms are fixed to their expected integer values 
using a single-epoch online ambiguity fixing algorithm.

Step3: Adaptive filtering: The adaptive filtering algorithm 
is used to adjust the measurement noise and the influence of 
fault measurement on the result accuracy is reduced.

Step4: Train length monitoring: The train moving-baseline 
length can be computed from the relative position between 
the HOT and EOT antennas, and the moving-baseline result 
is compared with the reference length of the train. If the error 
of the moving-baseline calculation result is greater than the set 
safety threshold, the train length state is abnormal.

where R is reference train length, Lthreshold is the given train 
length monitoring threshold.

Train length results and evaluation

In order to evaluate the proposed method, a field train test 
was conducted on the Beijing-Shenyang high-speed rail-
way line (see Figs. 6 and 7). The test lasted about 30 min 
and the trace was 78 km long. The train operation scenes 
that enter the station twice and leave the station twice are 
selected, including the common motion states of the train, 
such as traction, braking, acceleration, deceleration and 
stationary. The whole experimental data is a relatively 

(37)|L − R| < Lthreshold

Fig. 6  Experiment trajectory

Fig. 7  The operation flow of 
train length monitoring system
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complete process of high-speed rail movement, and 
includes more extreme scenes where the satellite signal 
is seriously blocked after the train enters the station. The 
NovAtel OEM6 GNSS receiver was installed at the HOT, 
and the Unicore UR380 GNSS receiver was installed at 
the EOT. Both receivers can support BDS and GPS sig-
nal tracking and the data acquisition frequency is 10 HZ. 
During the experiment, the reference value of the moving-
baseline solution is 186.9 m, it is the length of the train 
when it is stationary, which is a constant value.

Figure 8 shows the train speed during the experimental 
period. The maximum speed is approximately 250 km/h. 
The train is almost stopped between 6738 and 8459 epochs 
and 15,670–17,650 epochs, because the train has entered 
the Xinminbei and Shenyangxi stations.

The DOP value reflects the influence of satellite geo-
metric distribution on positioning error. The DOP value 

of the visible GPS satellites is shown in Fig. 9. It can be 
seen that when the train enters the station twice, the DOP 
value will increase so as to affect the positioning accuracy. 
During 10,000 ~ 12,000 epochs, the DOP value changes 
frequently, which indicates that the geometric distribu-
tion of satellites changes frequently and the satellite signal 
quality is poor.

Figure 10 shows the number of visible satellites. The 
number of visible satellites in either the GPS or BDS con-
stellations does not exceed 6. The total number of visible 
satellites is over 10 for most epochs. The number of GPS and 
BDS satellites both change frequently in the 10,000–16,000 
epoch period.

The satellites are also constantly changing due to the 
frequent changes and obstruction of satellite signals during 
train operation, with a maximum of 12 visible satellites and 
a minimum of 8 visible satellites. Table 2 shows the PRN of 
GPS and BDS visible satellites in most scenes.
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Fig. 8  Train speed during the experimental period

Fig. 9  GPS DOP values during the experiment
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Fig. 10  The number of visible satellites

Table 2  The PRN of GPS and 
BDS visible satellites

GPS (PRN) BDS (PRN)

3 7
6 8
17 10
19 13
22 18
28 30
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Fig. 11  Ambiguity float-solution (multi-constellation and single con-
stellation)
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Fig. 12  Moving-baseline solution with fixed ambiguity (multi-con-
stellation and single constellation)
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1. Experimental verification of multi-constellation system

Figure 11 shows the moving-baseline floating-point solu-
tion of GPS and GPS/BDS (GPS-FLOAT and GPS/BDS-
FLOAT). It can be seen that the difference between the two 
results is small before epoch 6000 because the number of 
visible satellites is sufficient and does not change frequently. 
After epoch 6000, the result of the multi-constellation mov-
ing-baseline solution is obviously better than that using a 
single GNSS constellation.

The results of GPS and GPS/BDS moving-baseline with 
fixed ambiguity (GPS-FIX and GPS/BDS-FIX) are shown 
in Fig. 12. In most epochs (2000 ~ 13,000), the accuracy of 
GPS/BDS-FIX results is higher than GPS-FIX solution. 
Compared with Fig. 11, the results are stable and accurate 
after the integer ambiguity algorithm is added, with an RMS 
of about 0.15 m.

Figure 13 shows the error cumulative distribution func-
tion (CDF) of the four solutions. The performance of the 
multi-constellation moving-baseline using fixed ambiguity 
is the best, with an absolute value of error distribution being 
in the range 0–0.4 m. The statistical analysis of these four 
results is shown in Table 3.

The error of GPS-FLOAT is the largest. The GPS/BDS-
FIX solution has the best performance compared with other 
three solutions, with mean of 0.11 m and RMS of 0.15 m, 
which has an improvement of 76% compared with the 
GPS-FLOAT solution. Both FLOAT and FIX solutions can 
achieve the goal of correctly calculating the train length, and 
their error RMS is within the threshold range of train length. 
The long-term experimental results show that our algorithm 
has robust performance.

In order to further demonstrate the advantage of the pro-
posed multi-constellation monitoring system, two “GPS-
difficult situations” are simulated by blocking a number of 
visible satellites (Fig. 14). The 3700–3900 epoch period and 
7300–7500 epoch period were selected.

Only three GPS satellites with the highest elevation 
angles (PRN 3, PRN 17, and PRN 28) were retained since 
satellites with low elevation angles are easier to be blocked. 
Figure 15 shows the moving-baseline solution errors for the 
two GPS-difficult situations.

The graph (a) and (b) shows the baseline error of the 
GPS-FIX and GPS/BDS-FIX solutions in the 3700–3900 
epoch period. Graph (c) and (d) shows the baseline error 
of the GPS-FIX and GPS/BDS-FIX solutions in the 
7300–7500 epoch period. “GPS-difficult situations” are 
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Fig. 13  CDF of the four train length calculation methods

Table 3  Evaluation of the four train length resolution methods

Max (m) Mean (m) RMS (m) STD (m)

GPS (FLOAT) 1.197 0.472 0.648 0.444
GPS/BDS (FLOAT) 0.434 0.176 0.204 0.103
GPS (FIX) 0.503 0.153 0.186 0.106
GPS/BDS (FIX) 0.390 0.114 0.155 0.108
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marked with red dashed boxes in Fig. 15. Note that the 
simulation shows hardly any impact on the performance 
of the GPS/BDS-FIX solution.

2. Experimental verification of adaptive filtering algorithm

The results of adding adaptive filtering algorithm (GPS/
BDS-AFT) and the GPS/BDS-FIX solution are shown in 
Fig. 16. After adding the adaptive filtering algorithm, the 
accuracy of train length is further improved on the basis 
of GPS/BDS-FIX solution. The GPS/BDS-AFT solution is 
close to the reference train length before the 6000th epoch. 
Although the train length error increases in the subsequent 
epochs, it is obviously better than GPS/BDS-FIX solution.
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Fig. 15  Comparison of GPS and GPS/BDS solution results in two 
GPS-difficult situations
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Fig. 16  Comparison of GPS/BDS-FIX solution and GPS/BDS-AFT 
solution
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Fig. 17  CDF comparison between GPS/BDS-FIX solution and GPS/
BDS-AFT solution

Table 4  Comparison of error statistics between GPS/BDS-FIX and 
GPS/BDS-AFT result

Max (m) Mean (m) RMS (m) STD (m)

GPS/BDS (FIX) 0.390 0.114 0.155 0.108
GPS/BDS (AFT) 0.126 0.031 0.077 0.070
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Figure 17 shows the error CDF of GPS/BDS-FIX solu-
tion and GPS/BDS-AFT solution. The number of epochs 
with error less than 10 cm using adaptive filtering algo-
rithm accounts for 80% of the total epoch number, while 
the number of epochs with error less than 10 cm of the 
original multi-constellation fixed solution accounts for 
about 45%. Moreover, the accuracy of the train length 
solution after adaptive filtering algorithm is all better than 
that of the original multi-constellation fixed solution.

The error statistics of GPS/BDS-FIX and GPS/BDS-AFT 
solution are analyzed in Table 4. It can be seen that the train 
length error of GPS/BDS-FIX solution at decimeter level 
with RMS 0.155 m, the error of GPS/BDS-AFT solution 
at centimeter level with RMS 0.077 m. The accuracy of the 
train length result has an improvement of 50.3% compared 
with GPS/BDS-FIX solution.

The experimental results prove that the adaptive filter-
ing algorithm can effectively smooth the noise and other 
influences existing in the measurement information, which 
can improve the accuracy and stability of the train length 
calculation results. In order to further verify the tolerant 
ability of the proposed adaptive filtering algorithm to differ-
ent types of faults, the different random faults are simulated 
artificially. In order to ensure the randomness of simulated 
fault, the random gross error and random constant error are 
mainly included in this dataset. The satellite with the low-
est elevation angle is selected to include the two types of 
the fault: one is the “Random gross error" and the other is 

the “Random constant error". The “random gross error" is 
the error injected randomly in some epochs, and “random 
constant error" is the error injected randomly for a period 
of epochs. The simulated failure modes and descriptions are 
shown in Table 5.

The results of comparing the GPS/BDS-FIX solution and 
GPS/BDS-AFT solution with random gross error are shown 
in Fig. 18. It can be seen that before the adaptive filtering 
algorithm is added, the including of random gross error will 
lead to obvious abrupt change in the calculation result of 
train length. On the contrary, the random gross error has lit-
tle effect on the result when the adaptive filtering algorithm 
is added, and the result of GPS/BDS-AFT solution is more 
stable than GPS/BDS-FIX solution. The specific values of 

Table 5  Description of different simulated fault types

Fault epoch Fault description

Random gross error Fault epochs are defined by six integers generated by random function The gross errors with random quantity 
in the range of 10–20 cycles are 
introduced into these six different epochs 
respectively

Random constant error Fault epochs are defined by 4-time periods lasting 15 epochs generated 
by random function

The constant errors with random quantity 
in the range of 10–20 cycles are 
introduced into these four different 
periods respectively
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Fig. 18  Comparison of GPS/BDS-FIX and GPS/BDS-AFT with ran-
dom gross error

Table 6  Fault epoch and fault 
value of random gross error

Fault epoch Fault 
size 
(cycle)

217 20
1001 10
2547 15
8003 20
12,644 20
14,550 20
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Fig. 19  Comparison of GPS/BDS-FIX and GPS/BDS-AFT with ran-
dom gross error
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fault epoch and random gross error generated by random 
function during the experiment are shown in Table 6.

Figure 19 shows the tolerance of the adaptive filtering 
algorithm to the random constant error. Compared with 
random gross errors, the time of random constant error last 
longer and the effect to the train moving-baseline solution 
is more serious. Before the adaptive filtering algorithm is 
added, the train length calculation results have different 
degrees of jumping at these epochs, which lead to the cal-
culation results unstable and take some time to gradually 
converge. However, after the adaptive filtering algorithm 
is added, the impact of random faults is relatively small, 
and the train length calculation results can remain stable 
all the time. The specific values of fault epoch and random 
constant error generated by random function during the 
experiment are shown in Table 7.

Table  8 shows the comparison of error statistics 
between GPS/BDS-FIX solution and GPS/BDS-AFT 
solution when different types of faults are simulated. For 
random gross error, the adaptive filtering algorithm can 
decrease RMS from 0.157 m to 0.079 m, which has an 
improvement of 49.7%. For the random constant error, 
the value of RMS can decrease from 0.166 m to 0.077 m, 
which has an improvement of 53.6%.

Train length state simulation in separation 
scenarios

The experimental results calculated the sub-micron train 
length which needs to be compared with the safety threshold 
to further determine the train length status.

1. Simulation process description

In order to verify the performance of the train length 
monitoring system based on train length calculation, the 
measured data and simulation data are used to simulate the 
changes of train length under the train separation scenarios, 
and the length state of the train is judged by comparing with 
the safety threshold. The relevant simulation parameter set-
tings are shown in Table 9. The standard train length is 
186.9 m, and the detection threshold is set to 2.5 m. When 
the train length error exceeds the safety threshold, the train 
length state is abnormal.

The initial 400 s represent actual train operation data. 
The epoch 0 ~ 4000 is real measured data of the antennas at 
both ends of the train. The train is set to separate at epoch 
4000th. The 4001 ~ 6000 epoch is the simulated data of the 
two antennas under the train decoupling scenario. The HOT 
antenna keeps moving forward, while the velocity of the 
EOT antenna decreases continuously due to air resistance 
and other factors and stopped at epoch 230th. the EOT 
antenna stays in the block and stops moving. The changes 
of longitude, latitude, and speed of HOT and EOT antennas 
are shown in Fig. 20.

2. Analysis of simulation results

The calculated real-time train length is subtracted from 
the reference length to obtain the real-time train length error, 
and then, the error result is compared with the set detection 
threshold to determine the train length state. In the first 4000 
epochs, compared with the standard train length, the train 
length error was within 0.5 m, and the train length status is 
normal. After the 4000th epoch, the HOT and EOT anten-
nas are simulated to be in a separate state. The EOT antenna 
begins to coasting operation, while the HOT antenna con-
tinues to operate at its previous speed. In this configuration, 

Table 7  Fault epoch and fault 
value of random constant error

Fault epoch Fault 
size 
(cycle)

667 ~ 682 20
2500 ~ 2515 10
7255 ~ 7270 20
14,000 ~ 14,015 20

Table 8  Statistics of GPS/
BDS-FIX and GPS/BDS-AFT 
solution with different types of 
faults

Max (m) Mean (m) RMS (m) STD (m)

Random gross error GPS/BDS-FIX 0.457 0.114 0.157 0.108
GPS/BDS-AFT 0.128 0.031 0.079 0.072

Random constant error GPS/BDS-FIX 1.548 0.116 0.166 0.120
GPS/BDS-AFT 0.107 0.042 0.077 0.064

Table 9  Main performance parameters of train length simulation

value

Actual train length 186.9m
Safety threshold 2.5m
Maximum speed 250km/h
Total time 600 s
Real data 0 ~ 4000 epoch
Simulation data 4001 ~ 6000 epoch
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the train length status is flagged as abnormal and an alarm 
should be triggered.

Figure 21a displays the train length simulation result, and 
the corresponding train length status is shown in Fig. 21b. 
At the epoch 4012nd, the calculated train length error is 
2.42 m, which was less than the set safety detection thresh-
old 2.5 m. At this epoch, the train length status is still con-
sidered normal. The calculated train length is 2.75 m at the 
epoch 4013rd, which is greater than the set safety detection 
threshold. The train length state in this epoch is detected as 
abnormal, and there are 13 epoch delays.

The design of detection thresholds is based on the 
considerations of communication delay and train length 
error. In practical applications, ensuring train length 
normal necessitates the foundation of high-precision 
train length calculation. Furthermore, it needs to 
integrate data from multiple sources, including details 
on train head and end positions, speed, wind pressure, 
and so on. This comprehensive approach is essential for 
making a well-informed assessment of train length status 
and ensuring the safety and reliability of the system.

In order to verify whether the efficiency of the algorithm 
meets the time requirement of the actual train operation, 
the elapsed time of GPS/BDS-AFT is computed. All timing 
results were performed in Matlab software on a laptop PC 
with AMD 3.2 GHz and 16 GB RAM. The Matlab ran with 
versionR2018b. The running time of the program is 616 s, 

and the average calculation time of each epoch is 0.03 s. So 
the train length calculation algorithm proposed in this paper 
has a good performance in efficiency, which can meet the 
physical demand.

Conclusions

We present a robust multi-constellation train length 
monitoring method, which can provide continuous and 
accurate train length status. The parameter of the algorithm 
is the moving-baseline length, which directly affects the 
accuracy of train length monitoring. Therefore, GPS/BDS 
integrated system was used to increase the number of 
visible satellites and hence to improve satellite geometric 
distribution. The utilization of double-differenced carrier 
phase observables can eliminate the clock errors and 
mitigate the orbit and signal propagation errors. Then, the 
KF was used to estimate the moving-baseline vector and 
ambiguity floating-point values. The ambiguity values 
were fixed to their expected integer values to decrease the 
moving-baseline estimation error. The noise interference is 
smoothed, and the tolerance to faults is improved using the 
proposed adaptive filtering algorithm, which can further 
ensure the accuracy and robustness of the train length 

Fig. 20  Comparison of latitude, 
longitude, and speed simulation 
data of HOT and EOT antennas
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monitoring system. The calculated moving-baseline length 
error is compared with the set safety threshold to judge the 
length state of the train.

The field test was conducted on the Beijing-Shenyang 
Railway. The train length computed using the GPS/
BDS-FIX solution was compared with the GPS-FLOAT, 
GPS-FIX, and GPS/BDS-FLOAT solutions. All the four 
solutions can achieve the train length computation with 
sub-meter level accuracy, which can prove that the system 
is able to be adapt to the different GNSS signal conditions, 
where the GPS/BDS-FIX solution can achieve train length 
accuracy with RMS of 0.155  m, better than the other 
three solutions. The solution of GPS/BDS-AFT enhances 
the fault handling performance and further improves 

the robustness of the system. Furthermore, the results 
demonstrate that the proposed robust multi-constellation 
train length monitoring method can provide accurate and 
reliable train length estimation in both “GNSS-difficult” 
and “fault measurement” operational environments.
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