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Abstract This paper proposes a robust vector tracking loop structure based on potential bias anal-

ysis. The influence of four kinds of biases on the existing two implementations of Vector Tracking

Loops (VTLs) is illustrated by theoretical analysis and numerical simulations, and the following

findings are obtained. Firstly, the initial user state bias leads to steady navigation solution bias

in the relative VTL, while new measurements can eliminate it in the absolute VTL. Secondly, the

initial code phase bias is transferred to the following navigation solutions in the relative VTL, while

new measurements can eliminate it in the absolute VTL. Thirdly, the user state bias induced by

erroneous navigation solution of VTLs can be eliminated by both of the two VTLs. Fourthly,

the multipath/NLOS likely affects the two VTLs, and the induced tracking bias in the duration

of the multipath/NLOS would decrease the performance of VTLs. Based on the above analysis,

a robust VTL structure is proposed, where the absolute VTL is selected for its robustness to the

two kinds of initialization biases; meanwhile, the instant bias detection and correction method is

used to improve the performance of VTLs in the duration of the multipath/NLOS. Numerical sim-

ulations and experimental results verify the effectiveness of the proposed robust VTL structure.
� 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Global Navigation Satellite System (GNSS) is widely applied
in various aspects of our modern lives. Most GNSS receivers
utilize the Scalar Tracking Loop (STL) to track incoming sig-
nals and generate pseudorange and pseudorange rate measure-

ments individually, i.e., one tracking channel for one satellite
signal.1–2 Due to its simplicity in implementation and effective-
ness in benign scenarios, the STL is still the most popular

GNSS receiver structure. However, the performance of STLs
is easily degraded in harsh environments.3–5
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By utilizing the fact that all the in-view satellites are inter-
connected through one common receiver, the Vector Tracking
Loop (VTL) provides a deep integration of signal tracking and

navigation solving.6–8 The mostly cited advantages of VTLs
are the increased immunity to interference, high sensitivity
for weak signal tracking, continuous tracking for signals that

are temporary blocked, and immediate re-lock of signals.
Despite the above-mentioned advantages, VTLs suffer

from fundamental limitations. First, VTLs are usually initial-

ized by the STL or other exterior sources, which might induce
initialization biases such as the initial user state bias and initial
code phase bias. Second, the biases during the operational per-
iod of VTLs, e.g., the erroneous navigation solution induced

user state bias and the multipath/NLOS reception induced
tracking bias might also degrade the performance of VTLs.
Besides, the internal coupling of VTLs also causes bias propa-

gation among tracking channels.9–11

1.1. Related work

The initial user state bias induced navigation solution devia-
tion was studied in Ref. 12. According to this study, the pri-
mary reason for the deviation is that in the existing VTL

implementation, the measurements of the VTL are coupled
with the user state increment in consecutive epochs. Hence,
the navigation solution calculated from the measurements
reflects the user state increment instead of the absolute user

state.13–14 Therefore, the user state bias cannot be eliminated
in the following navigation solutions. We termed this conven-
tional VTL implementation as the relative VTL. The absolute

VTL implementation was proposed in Ref. 11 to deal with the
above problems of the initial user state bias and the initial code
phase bias. However, the difference between the initial biases

and the biases during the operational period of VTLs has
not been illustrated.

To overcome the multipath/NLOS-induced tracking bias,

the multiple Fault Detection and Exclusion (FDE) algorithms
are introduced to detect and exclude the affected channel from
the navigation filter. The carrier-to-noise density ratio (C/N0)
is an important indicator of signal quality, which is used to

detect blocked channels.15 The performance of several com-
monly used methods for calculating C/N0 in VTLs is com-
pared, and an improved method, the Receiver Autonomous

Integrity Monitoring (RAIM), is proposed to smooth the noise
adaptively in Ref. 15. RAIM utilizes redundant measurements
for fault detection, by which potential threats can be identi-

fied.16 Therefore, the RAIM is a very useful technique to pre-
vent the failure of one channel from spreading into other
tracking channels. Extensive studies of using RAIM algo-
rithms for VTLs can be found in previous studies.16–18 The

noise bandwidth of VTLs, which was firstly put forward in
Ref. 19 was then extended as a more compact and general form
in Ref. 20. The noise bandwidth is modeled as a function of the

C/N0 from individual channels, the relative C/N0 across differ-
ent tracking channels, and the user-satellite geometry.20 In
Ref. 21, the noise bandwidth is utilized to identify the multi-

path contaminated channels, and enhanced performance is
obtained by discarding the detected channels. Although the
above FDE methods are effective in preventing bias propaga-

tion in VTLs, they cannot be directly used in the urban envi-
ronment where the number of visible satellites is limited, as
exclusion of the affected satellite signals may result in insuffi-
cient number of satellites or a bad geometry for positioning.22

To make full use of low-quality signals in urban areas and to

reduce the bias propagation of VTLs, a diagonal weighting
technique is proposed,23 where the off-diagonal components
of the weighting matrix are set to zero. However, as the off-

diagonal components denote the cross correlations among
tracking channels, zero components mean that the internal aid-
ing of VTL is eliminated, hence the superiority of VTLs is also

vanished. To alleviate the effect of low-quality signals, a covari-
ance rescaling method is proposed,24 where a linear local filter
and an adaptive navigation filter is designed to calculate the
rescaling factor. However, if the tracking performance of one

channel is degraded for signal quality decline, e.g., multipath
or NLOS-reception, etc., both the local filter and the global fil-
ter diverges. Besides, the local filters used for all the tracking

channels also increase the complexity of the receiver structure.
Based on the existing multipath detection methods for the
VTL,25–26 an adaptive STL-VTL structure and a conjoint

STL-VTL scheme are proposed to reduce the multipath effect.
The adaptive STL-VTL structure can smoothly switch between
each other, while the conjoint STL-VTL contains both STL and

VTL modes and selects the healthy measurements based on the
multipath detection result. The adaptive and conjoint STL-VTL
schemes take the advantages of both STLs and VTLs regarding
positioning reliability and tracking robustness.24

Another category of methods for dealing with the VTL
tracking bias is to find more reliable measurements to replace
the ones in the degraded channels. One kind of these method is

the incorporation of neural network into VTLs.27–29 The neu-
ral network is trained when the signals are in good conditions,
and is then applied in the duration of signal blockage. A strobe

correlator is also proposed to decrease the bias propagation of
VTLs;30 however, this method is not able to deal with the
NLOS-induced tracking bias. To deal with the NLOS-

induced tracking bias, the code discriminator output is applied
to estimate the bias, and then the estimates are subtracted from
the measurements.10 Whereas, the linear relation between the
discriminator output and the NLOS-induced bias only holds

within the linear scope of the discriminate curve. Besides, the
tracking bias estimation is based on the sample average of
the discriminator output, which means that the tracking bias

has already propagated before a reliable estimation can be
obtained. Therefore, the bias correction performance is
decreased. In Refs. 31–32, an augmented state vector for the

navigation filter is created by adding the NLOS-induced bias
to the state vector, then the NLOS-induced pseudorange mea-
surement bias is estimated as a state variable. However, adding
unknowns to the sate vector means increasing the minimum

requirement of the measurements, which might be difficult in
the constrained environment such as in urban canyon.

1.2. Contributions of this work

Four potential bias sources (including the initial user state
bias, the initial code phase bias, the erroneous navigation solu-

tion bias induced user state bias, and the multipath/NLOS
induced tracking bias) and two existing VTL implementations
are discussed firstly, and the following conclusions are drawn:

(A) The initial user state bias results in steady bias in the fol-
lowing navigation solutions in the relative VTL, while it can
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be eliminated by the new measurements in the absolute VTL;
(B) The initial code phase bias would be transferred to a bias
in the following navigation solutions in the relative VTL, but

can be eliminated in the absolute VTL; (C) The erroneous user
state bias during VTLs’ operational period can be eliminated
by both of the two VTL implementations; (D) The multi-

path/NLOS likely affects both of the VTLs, specifically, the
multipath/NLOS introduces tracking bias, and furthers the
bias propagation, but the induced bias disappears as the signal

recovers; (E) Bias propagation in VTLs would decrease the
bias correction performance in the duration of the multi-
path/NLOS. Hence, to ensure the performance of VTLs, it is
important to correct the tracking bias before its propagation.

Based on the above conclusions, a VTL structure which is
robust to the above-mentioned biases is proposed, where the
absolute VTL is selected for its robustness to the two initializa-

tion biases, and the instant bias detection and correction
method is used to eliminate the multipath/NLOS introduced
tracking bias in its duration. The measurement residuals-

based statistic is established to detect the multipath/NLOS
induced tracking bias in the proposed way. Once a tracking
bias is detected, a Least Absolute Shrinkage and Selection

Operator (LASSO) based bias estimation method is turned
on. Then, the original measurement is corrected by the esti-
mated bias. Numerical simulations and experimental results
verify the effectiveness of the proposed robust VTL structure.

The paper is organized as follows. The VTL basics and two
existing implementations of VTL are given in Section 2.
Robustness of the two VTL implementations to four biases

are discussed in Section 3. The proposed robust VTL structure
is given in Section 4. The experimental results are given in Sec-
tion 5. Finally, the conclusions are given in Section 6.

Throughout the paper, the following notations are used
unless specifically stated:

a: bold-face lower-case letters denote column vectors.

A: bold-face capital letters denote matrices.
am: the superscript m stands for the satellite index.
ak: the subscript k denotes the epoch index.
a�; aþ: the superscript ‘‘�” denotes the priori prediction

from the EKF, while ‘‘+” denotes the corresponding posterior
estimation.

â: the estimation of a.

da: the residual, i.e., da ¼ a� a�.
daþ: the residual, i.e., da ¼ a� aþ.
Da: the increment of a in successive epochs, i.e.,

Dak ¼ ak � ak�1.

�ð ÞT: the transpose of a vector or a matrix.
a0: the biased quantity originated from the initial user state

bias.
a00: the biased quantity originated from the initial code

phase bias.
a000: the biased quantity originated from user state bias in

the VTLs’ operational period.

a0000: the biased quantity originated from the tracking bias in
the VTLs’ operational period.

a
^
: after bias correction.

k � kp: the lp-norm.
2. VTL basics

The focus of this section is to present the basic principle of
GNSS and two VTL implementations.

2.1. GNSS basics

Define x ¼ p; ctb½ �T as the user state, where p ¼ px; py; pz
� �T

stands for the 3-D user position in the Earth-Centered
Earth-Fixed (ECEF) coordinate system. The variable tb
denotes the user clock bias, with c standing for the speed of

light. The navigation solution is obtained by measuring the
pseudorange between the user receiver and satellites. The pseu-
dorange measurements of the m-th satellite can be formulated
by1

qm ¼ k p� pm k2 þ ctb � ctmb þ Im þ Tm þ em ð1Þ
where pm stands for the 3-D position, tmb denotes the clock bias,

Im and Tm are the ionosphere and troposphere delay of the m-
th satellite, respectively, which can be obtained from the ephe-

meris; the variable em denotes the measurement noise of the m-
th tracking channel. Arranging the pseudorange measurements
from all the tracking channels as a compact vector

q ¼ q1; q2; :::; qM½ �T, the relationship between the measure-
ments and the user state is formulated as below

q ¼ h xð Þ þ e ð2Þ
where h �ð Þ stands for the observation function,1 and

e ¼ e1; e2; :::; eM½ �T is the measurement noise vector.
The code-phases are measured depending on the timing of

the ‘time-of-reception’ hardware counter. The time of propa-

gation is obtained by comparing the signal transmission time
with the local receiver time. With the time of propagation,
the pseudorange measurement is calculated by2,9

qk ¼ c tor;k � bskð Þ ¼ g bskð Þ ð3Þ
where the subscript k denotes the epoch index. Since tor;k can

be read from the receiver directly, the measurement is
expressed as a function of the signal transmission time ŝk, as
the second equation in Eq. (3). The transmission time ŝk is

obtained by the code phases from tracking loops. Using true
parameters to replace the estimated ones in Eq. (3), we have
the relation below

qk ¼ g skð Þ þ ek ¼ h xkð Þ þ ek ð4Þ
The a priori user state prediction can be represented as13–14

x�
k ¼ xþ

k�1 þ Dx�
k ð5Þ

where the user state increment prediction with the constant
velocity dynamic model is

Dx�
k ¼ Tvþk�1 ð6Þ

where T is the epoch length; vþk�1 denotes a posterior estima-

tion of vk�1, which is composed of the 3-D user velocity and
the clock drift. Then, the first order Taylor expansion of Eq.

(2) nearby x�
k can be represented as9,33

qk � h x�
k

� �þHk xk � x�
k

� �þ ek ð7Þ
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where Hk is the Jacobian of h �ð Þ, which is also termed as the

measurement matrix. Define the measurement residuals as

dqk ¼ qk � h x�
k

� � ¼ Hkdxk þ ek ð8Þ
where dxk is the user state residual. By inserting Eq. (4) into

Eq. (8), we have

dqk ¼ cdsk þ ek ð9Þ
The code discriminator output the code phase residuals dsk.

Considering the relations between the output of the discrimi-

nators and the measurements of VTLs in Eq. (9), the discrim-
inator output is also termed as the measurement in this work
for convenience.

With the pseudorange residuals dqk, the user state residual

estimation dx̂k can be obtained by the EKF. Finally, the pos-
terior user state, which is also termed as the navigation solu-
tion, can be updated by

xþ
k ¼ x�

k þ dx̂k ð10Þ
Eq. (10) can be interpreted as the convergence of the a pri-

ori predicted user state x�
k to the true user state xk by adding

the user state residual estimation dx̂k.

2.2. Relative VTL implementation

In the traditional VTL implementation, the code phase of the
local replica is calculated in a relative manner, where the code
phase increment is calculated with the user state increment

by14

Ds�k ¼ HkDx
�
k =c ð11Þ

Then, the code phase of the local replica is updated by

s�k ¼ sþk�1 þ Ds�k ¼ h xþ
k�1

� �
=cþHkDx

�
k =c ¼ h x�

k

� �
=c ð12Þ

The first equation reveals the code phase adjustment man-
ner in the relative VTL. Specifically, the code phase is adjusted

by adding the code phase increment prediction to the posterior
code phase of the previous epoch. The last two equations in
Eq. (12) are based on the relations in Eq. (4), which are given

to illustrate the corresponding relations among the user states.
To get the measurement in the relative VTL, we replace the

predicted quantities in Eq. (12) with the corresponding true

values carried by the received signal as

sk ¼ sk�1 þ Dsk ¼ h xk�1ð Þ=cþHkDxk=c ¼ h xkð Þ=c ð13Þ
where Dxk ¼ xk � xk�1. With Eqs. (12) and (13), the code
phase residual is represented as

dsk ¼ sk � s�k ¼ dsþk�1 þ d Dskð Þ ¼ Hkðdxþ
k�1 þ d Dxkð ÞÞ=c

¼ Hkdxk=c ð14Þ
It is noted from Eq. (14) that the code phase residual dsk is

coupled with the summation of the posterior user state incre-

ment of the previous epoch dxþ
k�1 and the user state increment

residual d Dxkð Þ. The summation is also equal to the user state
residual dxk, shown as the last equation in Eq. (14). With the

code phase residuals as the measurements in Eq. (14), the EKF
outputs the user state residual estimation dx̂k, which is not
only used to obtain the navigation solution by Eq. (10), but

also used to calculate the posterior code phase adjustment as14

dŝk ¼ Hkdx̂k=c ð15Þ
Then, the prior predicted code phase in Eq. (12) is corrected
as

sþk ¼ s�k þ dŝk ð16Þ
2.3. Absolute VTL implementation

Since the code phase of a satellite signal is directly related with
its transmission time; therefore, once the transmission time is

obtained, the code phase can be determined. The relation
between code phase prediction and user state prediction is for-
mulated as11

s�k ¼ g�1 h x�
k

� �� � ð17Þ
Similarly, the relation between the true code phase of the

received signal and the corresponding true user state is

sk ¼ g�1 h xkð Þð Þ ð18Þ
The true quantities in Eq. (18) cannot be obtained in reality.

Actually, only the predicted and the estimated ones can be
obtained, while the true quantities are used to illustrate the
relations among the quantities. The code phase difference

between the true code phase carried by the received signal
and the predicted one can be obtained by the code discrimina-
tor. With Eqs. (17) and (18), the code phase residual in the

absolute VTL is

dsk ¼ g�1 h xkð Þð Þ � g�1 h x�
k

� �� � ¼ Hkdxk=c ð19Þ
With the measurement in Eq. (19), the user state residual

estimation dx̂k and further the navigation solution xþ
k can be

updated. It is noted from Eq. (17) that the code phase is calcu-
lated by the absolute user state prediction of the current epoch
x�
k directly. Furthermore, the code phase of the next epoch is

calculated by x�
kþ1 ¼ xþ

k þ Dx�
kþ1, which means the posterior

user state increment of the previous epoch dxþ
k is included in

the code phase predication of the current epoch. Hence, cor-
rection of the code phase as the relative VTL in Eq. (16) is

not necessary in the absolute VTL.
From the above analysis, it is noted that both of the two

VTLs adjust the code phase of the local replica to align with

the received signals although in different manners, and the
same navigation solution can be obtained in case the two
VTL implementations are well initialized and the incoming sig-

nals are clean. Therefore, both of the two VTLs track the
received signals normally and output correct navigation solu-
tions in benign conditions.

3. Biases in VTLs

VTLs are commonly initialized by the traditional STL or other

exterior sources.14 VTLs’ initialization includes the initial
parameters for local replicas generation and initialization of
the navigation filter. The initial user state bias and the initial
code phase bias are discussed firstly in this section. Besides,

the biases in VTLs’ operational duration are also discussed,
including erroneous navigation solution induced user state bias
and multipath/NLOS reception induced tracking bias. The

innovation point of this section is illustrating the self-
robustness of the two VTLs to the above mentioned four
biases systematically for the first time.
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3.1. Initial user state bias

Let x̂0 and ŝ0 denote the unbiased initial user state and the
unbiased initial code phase, respectively, then these two terms
satisfy the relation in Eq. (4), that is ŝ0 ¼ h x̂0ð Þ=c.

The initial user state bias discussed here means that a bias
x0

b appears in the initial user state, then the actual initial user

state is x̂0
0 ¼ x̂0 þ x0

b. Nevertheless, the intial code phase is still

the unbiased ŝ0, and hence ŝ0–h x̂0
0

� �
=c. The quantities with a

slash are used to represent the ones contaminated by initial
user state bias. Considering the user state increment is not
affected by initial user state bias, the user state prediction at

the first epoch is

x0�
1 ¼ x̂0

0 þ Dx�
1 ¼ x�

1 þ x0
b ð20Þ

which is also biased. According to Eq. (12), the code phase pre-
diction at the first epoch of the relative VTL is represented as

s�1 ¼ ŝ0 þ Ds�1 ¼ ŝ0 þHkDx
�
1 =c ¼ h x�

1

� �
=c ð21Þ

since the code phase predication s�1 is controlled by the user

state increment prediction, as the second equation in Eq.

(21), it is not affected by the initial user state bias. It should
be pointed out that the x�

1 in Eq. (21) is used only to reveal

the relations among the quantities, which does not mean the
code phase is calculated by x�

1 . In the case of clean signal

reception, which means the true parameters carried by the
received signal are unbiased and the relation s1 ¼ h x1ð Þ=c is
established, the code phase residual is

ds1 ¼ s1 � s�1 ¼ Hk x1 � x�
1

� �
=c ¼ Hkdx1=c ð22Þ

Since the true code phase s1 and the prediction s�1 are both

unbiased, the measurement in Eq. (22) is not affected by the
initial user state bias. Therefore, the unbiased user state resid-
ual estimation dx̂1 can be obtained. By adding dx̂1 to the pre-

dicted x0�
1 , the navigation solution is given below

x0þ
1 ¼ x0�

1 þ dx̂1 ¼ xþ
1 þ x0

b ð23Þ
which is also biased for the biased initial user state. The pri-
mary reason of the biased navigation solution is that the code
phase prediction s�1 for the local replica in Eq. (21) is not

directly coupled with the user state prediction x0�
1 , and hence

the bias term in x0�
1 is not included in the measurement in

Eq. (22). On the other side, since dx̂1 is unbiased, the code

phase correction term obtained according to Eq. (15) is unbi-
ased, then the posterior corrected code phase obtained by

Eq. (16) is the unbiased one, i.e., sþ1 . Therefore, the equation

between the unbiased posterior code phase and the biased pos-

terior user state is no longer established, i.e., sþ1 –h x0þ
1

� �
=c.

The above discussion reveals that initial user state bias
would not affect the tracking module of the relative VTL,
and hence it cannot be eliminated by the new measurement

at the first epoch. Actually, the initial user state bias cannot
be eliminated in all the following epochs for the bias does
not affect the new measurements in the following epochs.
Therefore, the initial user state bias results in deviation from

steady navigation solution in the following epochs of the rela-
tive VTL.

In the absolute VTL, the code phase prediction at the first

epoch is
s0�1 ¼ g�1 h x0�
1

� �� � ð24Þ
Since the initial user state bias is included in x0�

1 , the code

phase prediction s0�1 is biased. The user state bias propagates

to the code phase of the local replica, which is the backward

bias propagation in VTLs. The code phase residual then
becomes

ds01 ¼ s1 � s0�1 ¼ Hk x1 � x0�
1

� �
=c ð25Þ

The propagated bias appears in the new measurement ds01,
which is coupled with the biased user state residual
dx0

1 ¼ x1 � x0�
1 . Therefore, the biased user state residual

dx̂0
1 ¼ dx̂1 � x̂0

b is estimated. By adding the estimation of
biased user state residual to the biased user state prediction,

we get the below navigation solution

x0þ
1 ¼ x0�

1 þ dx̂0
1 ¼ xþ

1 ð26Þ
The second equation in Eq. (26) is established by ignoring

the estimation error in dx̂0
1. In fact, the navigation solutions

converge to the unbiased xþ
1 gradually. The two equations in

Eq. (26) reveal that the initial user state bias is eliminated by
the new measurement in Eq. (25), and hence the navigation
solution is unbiased.

A numerical simulation based on the semi-analytic model9

is given to illustrate the response of the two VTLs as the initial
user state bias appears. Assume there are 5 visible satellites
with the azimuths = [210�, 30�, 120�, 180�, 247�] and

elevations = [57�, 70�, 65�, 52�, 70�], and the C/N0 of all the
satellite signals are 43 dB-Hz. The initial value of the true user
state is x0 ¼ 0; 0; 0; 0½ � m in the ECEF coordinate system, and

the ground truth of the horizontal user trajectory are shown as
the black dots in Fig. 1(a). The initial tracking parameters of
the two VTLs are all identical to the true ones calculated by

the user motion model.9 Meanwhile, an initial user position
bias of 60 m in the X and 10 m in the Y directions are added
to the EKF’s initial state of the two VTL implementations.

The positioning results of the two VTLs are shown in Fig. 1
(a), while the horizontal positioning error against time is
shown in Fig. 1(b). It can be seen from Fig. 1 that the initial
bias still exists in the following navigation solutions of the rel-

ative VTL, whereas in the absolute VTL, the bias disappears
after a short period for it converges to ground truth quickly.

3.2. Initial tracking bias

The initial code phase bias here means a bias s00b appears in the

initial code phase for local code generation, that is to say, the

initial code phase becomes ŝ000 ¼ ŝ0 þ s00b, and the initial user

state x̂0 is unbiased, and hence ŝ000–h x̂0ð Þ=c.
Since the user state increment prediction is not affected by

the initial code phase bias, the prior user state prediction x�
1 is

unbiased. According to Eq. (12), the code phase prediction in
the relative VTL is

s00�1 ¼ ŝ000 þHkDx
�
1 =c ¼ s�1 þ s00b ¼ h x00�

1

� �
=c ð27Þ

where x00�
1 ¼ x�

1 þ c � h�1 s00bð Þ ¼ x�
1 þ x00

b stands for the biased

user state prediction corresponding to the biased code phase
prediction s00�1 , with the bias component x00

b originating from

the biased code phase s00b. It should be pointed out that the
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actual user state prediction is the unbiased x�
1 . As the true code

phase corresponding to the clean received signal is s1, the code
phase residual becomes

ds001 ¼ s1 � s00�1 ¼ Hk x1 � x00�
1

� �
=c ð28Þ

The measurement in Eq. (28) is coupled with
dx00

1 ¼ x1 � x00�
1 , which leads to a biased user state residual

estimation dx̂00
1 ¼ dx̂1 � x̂00

b. The navigation solution is
updated based on the actual user state prediction x�

1 and the

biased user state residual estimation dx̂00
1 as below

x00þ
1 ¼ x�

1 þ dx̂00
1 ¼ xþ

1 � x̂00
b ð29Þ

It is noted that the initial code phase bias propagates to the

navigation solution. By using dx̂00
1 to calculate the code phase

correction term dŝ001 ¼ dŝ1 � s00bp according to Eq. (15), with

s00bp ¼ Hkx̂00
b=c–s00b, the corrected code phase is

s00þ1 ¼ s00�1 þ dŝ001 ¼ sþ1 þ s00b � s00bp–sþ1 ð30Þ
It is noted that an initial code phase bias also results in bias

propagation among tracking channels, and then a combined
bias term s00b � s00bp will appear in the code phase of the local

replicas. The navigation solution in Eq. (29) and the corrected

code phase in Eq. (30) satisfy the equation s00þ1 ¼ h x00þ
1

� �
=c.

Actually, the navigation solution bias as in Eq. (29) and the
code phase bias in Eq. (30) exist in all the following epochs

in the case of normal signal reception.
Based on the semi-analytic model in Ref. 9, the output of

the code discriminator from the two VTLs are compared in
Fig. 2, and the parameters of the satellites and the user are

the same as the ones used in the results given in Section 3.1.
In practical applications, the initial user state of VTLs is
obtained from the navigation solution of STL with estimation

error. To exclude the influence of initial user state bias, the
EKF’s initial user state of the two VTLs are assumed to be
equal to the true one in this simulation. A 0.1 chip initial code

phase bias is added to S1 to both of the two VTLs. It can be
seen from Fig. 2(a) that other tracking channels of the relative
VTL also show biases, while there is no bias in the tracking

channels of the absolute VTL as shown in Fig. 2(b). This is
in accordance with the analysis in this subsection. The 3-D
positioning error and the clock bias estimation error are given
in Fig. 3. It is noted that bias appears in the 3-D positioning
error and the clock bias estimation error of the relative VTL,
which means the initial code phase bias transfers to navigation
solutions, and a steady bias almost exists in the navigation

solutions of the relative VTL. However, the navigation solu-
tion of the absolute VTL converges to the unbiased true one
quickly.

3.3. User state bias during VTLs’ operation: Erroneous user
state estimation

The EKF needs accurate statistical information about the user

platform, which is usually estimated from the measurements in
practical applications. As a user state jump happens,34 accu-
rate statistical information cannot be estimated immediately,

and hence erroneous posterior user state would appear, i.e.,
a bias appears in the user state.

In the relative VTL, as a bias x000
b appears in the user state

residual estimates dx̂000
k ¼ dx̂k þ x000

b, the navigation solution is

x000þ
k ¼ x�

k þ dx̂000
k ¼ xþ

k þ x000
b ð31Þ

According to Eq. (16), the corrected code phase is

s000þk ¼ s�k þ dŝ000k ¼ sþk þHkx
000
b=c ð32Þ

Hence, the corrected code phase is biased for Hkx
000
b=c. It is

noted that the bias in the user state is transferred to a code
phase bias of the local replica, which belongs to the backward
bias propagation in VTLs. The relation between the corrected

code phase s000þk in Eq. (32) and the posterior user state x000þ
k in

Eq. (31) is still established, i.e., s000þk ¼ h x000þ
k

� �
=c. In the case of

a normal user state increment prediction, the user state predic-
tion at the next epoch is

x000�
kþ1 ¼ x000þ

k þ Dx�
kþ1 ¼ x�

kþ1 þ x000
b ð33Þ

Then, the code phase prediction in the relative VTL is

s000�kþ1 ¼ s000þk þ Ds�kþ1 ¼ s�kþ1 þHkx
000
b=c ð34Þ

with which the code phase residual can be represented as

ds000kþ1 ¼ skþ1 � s000�kþ1 ¼ Hk xkþ1 � x000�
kþ1

� �
=c ð35Þ

the measurement above is coupled with the user state resid-

ual dx000
kþ1 ¼ xkþ1 � x000�

kþ1, and the estimation of the user state

residual would compel the biased prediction x000�
kþ1 to converge



Fig. 2 Comparison of output from code discriminator as initial code phase bias exists.

Fig. 3 Comparison of navigation solution errors as initial code phase bias exists.
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to the unbiased true user state xkþ1. The estimated user state

residual dx̂000
kþ1 ¼ dx̂kþ1 � x̂000

b contains a bias term �x̂000
b,

which would eliminate the bias in Eq. (33) in the navigation
solution at epoch k + 1 as below:

x000þ
kþ1 ¼ x000�

kþ1 þ dx̂000
kþ1 ¼ xþ

kþ1 ð36Þ
The last equation in Eq. (36) is established by ignoring the

estimation error. The unbiased navigation solution can be seen
from the final navigation solution in Eq. (36). Further, the cor-

rected code phase by dx̂000
kþ1 according to Eqs. (15) and (16) is

also unbiased as

s000þkþ1 ¼ s000�kþ1 þHkdx̂000
kþ1=c ¼ sþkþ1 ð37Þ

Therefore, we can conclude that a user state residual esti-

mation bias can be eliminated by the new measurements.
Considering a bias appears in the user state increment pre-

diction, the bias appears in the code phase increment predic-

tion and further appears in the code phase prediction of the
next epoch, which will result in similar phenomenon as the
above discussed user state residual estimation bias. Both of

the above two user state bias would result in a code phase bias
prediction at the next epoch, and the relation between the code
phase and the user state is still established. Hence, in the case
of normal signal reception, the navigation solution and the
code phase of the local replica would be dragged to the unbi-

ased ones.
For the absolute VTL, since both of the above two user

state biases appear in the user state prediction of the next

epoch x000�
kþ1, the code phase prediction s000�kþ1 according to

Eq. (17) is biased. Hence, the same measurement as that in
Eq. (35) can be obtained, and thereby the same unbiased nav-
igation solution can be obtained. Hence, the user state biases

during the VTL operational period do not affect the perfor-
mance of the absolute VTL in the following epochs.

A simulation based on the semi-analytic model9 is given to

verify the above analysis. The parameters of the satellites and
the user are all the same as the ones used in the results given
Section 3.1. The initial tracking parameters and the initial user

state are all identical to the ground truth, while a user position
bias [50, 10, 0] m is added at 6 s to both of the two VTLs. The
output of the code discriminator from the two VTL implemen-
tations and the 3-D positioning error are shown in Fig. 4. It

can be seen from the figure that tracking channels and the nav-
igation solution of the two VTLs converge to the unbiased true
ones quickly. Actually, the clock biases of the two VTLs are

not affected by the added bias, which are not shown in Fig. 4.



Fig. 4 Comparison of results as a user state bias appears at 6 s.
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3.4. Tracking bias during VTLs’ operation: Abnormal signal

reception

Assume the multipath/NLOS induced tracking bias appears at
epoch k� 1 and then disappears at epoch k, its effect on the
two VTLs are discussed in this subsection. As multipath/
NLOS appears, a nominal code phase vector of the received

signals is defined as s0000k�1 ¼ sk�1 þ s0000k�1;b, which is the code

phase corresponding to the combined signal for the multipath
or the code phase of the reflected signal for the NLOS recep-
tion. The term s0000k�1;b denotes the multipath/NLOS-induced
code phase bias, and the zero-value elements of s0000k�1;b denote

the signals without bias. Based on the relations in Eq. (4),

the true user state x0000
k�1 ¼ xk�1 þ x0000

k�1;b from the signal is

biased, with x0000
k�1;b ¼ c � h�1 s0000k�1;b

� �
. As the multipath/NLOS

disappears at epoch k, the true unbiased xk and sk correspond-
ing to clean signals recover.

Based on the normal navigation solution at the previous
epoch, unbiased normal prediction Dx�

k�1 and x�
k�1 can be

obtained, which further leads to unbiased Ds�k�1 and s�k�1.

Therefore, the code phase residuals of the two VTLs at epoch
k� 1 are the same as
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ds0000k�1 ¼ dsk�1 þ s0000k�1;b ¼ Hk x0000
k�1 � x�

k�1

� �
=c ð38Þ

The measurement in Eq. (38) is coupled with the biased user

state residual dx0000
k�1 ¼ x0000

k�1 � x�
k�1. The user state residual esti-

mation can be represented as dx̂0000
k�1 ¼ dx̂k þ x̂0000

k�1;b, where the

biased user state term x̂0000
k�1;b is originated from multipath/

NLOS-induced code phase bias s0000k�1;b. Further, the navigation

solution according to Eq. (10) is

x0000þ
k�1 ¼ x�

k�1 þ dx̂0000
k�1 ¼ xþ

k�1 þ x̂0000
k�1;b ð39Þ

The above navigation solution is the same for both of the

two VTL implementations. With dx̂0000
k�1, the corrected code

phase of the relative VTL can be obtained according to Eq.
(16) as

s0000þk�1 ¼ s�k�1 þ dŝ0000k�1 ¼ sþk�1 þ sk�1;bp ð40Þ
where sk�1;bp ¼ Hkx

0000
k�1;b=c–s0000k�1;b, and hence the bias in the

received signals is transferred to the code phase of the local
replica, which is the backward bias propagation in VTLs.

The relation between x0000þ
k�1 and s0000þk�1 is still established, i.e.,

s0000þk�1 ¼ h x0000þ
k�1ð Þ=c.

The user state increment prediction of the next epoch is

Dx�
k , and hence the user state prediction is

x0000�
k ¼ x0000þ

k�1 þ Dx�
k ð41Þ

It is noted from Eq. (41) that the code phase prediction of
the two VTLs would be the same, which is represented as

s0000�k ¼ s�k þ sk�1;bp ð42Þ
As the signal recovers, i.e., the multipath/NLOS disappears

at epoch k, the code phase residual is represented as

ds0000k ¼ sk � s0000�k ¼ Hkd xk � x0000�
k

� �
=c ð43Þ

The biased user state residual dx̂0000
k ¼ dx̂k � x̂0000

k�1;b can be

estimated from the above measurement. Further, the naviga-
tion solution is updated as

x0000þ
k ¼ x0000�

k�1 þ dx̂0000
k ¼ xþ

k ð44Þ
and the last equation in Eq. (44) is established by ignoring the

estimation error. It is seen from Eq. (44) that unbiased naviga-
tion solution is obtained, which can also be illustrated by the
measurement in Eq. (43), where the measurement is coupled
with the difference between the unbiased true user state xk

and the biased user state prediction x0000�
k . Therefore, the esti-

mated user state residual would compel x0000�
k to converge to

xk. The posterior corrected code phase becomes

s0000þk ¼ s0000�k þHkdx̂
0000
k =c ¼ sþk ð45Þ

It is noted that the new measurement compels the biased
code phase prediction s0000�k to align with the unbiased true

one sk; meanwhile, the biased user state prediction x0000�
k is con-

verged to the unbiased true one xk.

Based on the above analysis, it is noted that the multipath/
NLOS induced tracking bias and in turn navigation solution
bias disappear as the signal recovers, which is true for both

of the two VTLs. In fact, the tracking loops and the navigation
filter are adjusted by the clean LOS signal as the signal recov-
ers, which compels the navigation solution converges to the

unbiased true one.
A simulation based on the semi-analytic model9 is given to

verify the above analysis of multipath/NLOS induced tracking
bias. The parameters of the satellites and the user are all the
same as those in Section 3.1. No user state bias and tracking
bias are added, while an NLOS reception signal with an extra

code phase of 0.25 chips is added to S1 during 8–12 s. The out-
put of the code discriminator from the relative VTL and the
absolute VTL are given in Fig. 5(a) and Fig. 5(b), respectively.

It can be seen that the NLOS induced tracking bias propagates
to all the other tracking channels. The 3-D positioning error
and the clock bias estimation error from the two VTLs are

compared in Fig. 5(c) and Fig. 5(d). The comparison shows
that the two VTLs exhibit similar navigation solution bias dur-
ing the NLOS period, while the navigation solution converges
to the unbiased one as the NLOS disappears.

Based on the analysis in Section 3.1-3.4, robustness of the
two VTLs to the above mentioned four biases are concluded
in Table 1.

3.5. Key factors for tracking bias correction

Since the tracking bias affects the two VTLs in the likely man-
ner as discussed in Section 3.4, only the absolute VTL is taken
as an example to illustrate the tracking bias in the duration of

multipath/NLOS. To deal with the multipath/NLOS effec-
tively, the key factor that affects bias correction performance
is discussed in this section.

Considering the multipath/NLOS still exists at epoch k, the
nominal true code phase is s0000k ¼ sk þ sk;b, with sk;b denoting

the multipath/NLOS induced tracking bias at the current
epoch; thereby, the code phase residual becomes

ds0000k ¼ s0000k � s0000�k ¼ dsk þ sk;b � sk�1;bp

� �
¼ Hk x0000

k � x0000�
k

� �
=c ð46Þ

From the term in the first bracket, it is noted that the mea-

surement residuals of all the tracking channels show bias for
the propagated tracking bias term �sk�1;bp. The measurement

in Eq. (46) is coupled with the user state residual
dx0000

k ¼ x0000
k � x0000�

k , with which the user state residual estima-

tion is dx̂0000
k ¼ dx̂k þ x̂k;b � x̂k�1;b; hence, the navigation solu-

tion can be updated

x0000þ
k ¼ x0000�

k þ dx̂0000
k ¼ xþ

k þ xþ
k;b ð47Þ

The bias in Eq. (47) is only related with the multipath/
NLOS induced tracking bias of the current epoch.

To eliminate the navigation bias when the multipath/NLOS
exists, the tracking bias in Eq. (46) is estimated and cor-

rected.10 Suppose the estimated bias from the discriminator’s
output is equal to the true bias in Eq. (46) for simplicity, then
the corrected code phase residual is equal to dsk, which leads to

the posterior user state residual dx̂k. Finally, the navigation
solution would be

x
^0000þ

k ¼ x
^0000�

k þ dx̂k ¼ xþ
k þ xþ

k�1;b ð48Þ
which is still biased for the propagated tracking bias from the

previous epoch. Therefore, to eliminate the tracking bias com-
pletely, it is not the tracking bias with the propagated term in
Eq. (46), but the multipath/NLOS introduced tracking bias at

each epoch should be corrected. However, it is not easy to sep-
arate the two bias terms in Eq. (40). Actually, the tracking bias
in Eq. (38) denotes the first epoch that the multipath/NLOS
appears, which contains only the multipath/NLOS introduced



Table 1 Comparison between the two VTLs.

VTL type

Category

Relative VTL Absolute VTL

Tracking channel Navigation solution

Initial bias User

state

Does not affect the tracking

channels

Bias exists in navigation solutions of the following

epochs

Can be eliminated by the

new measurements

Code

phase

Results in bias propagation

among tracking channels

Transfer to navigation solution bias that exists in the

following navigation solutions

Can be eliminated by the

new measurements

Bias

during

VTLs

User

state

Can be eliminated by the new measurements

Tracking Induces navigation bias and tacking bias propagation, which disappear as the signal recovers

Fig. 5 Comparison of tracking and navigation solution as a NLOS appears during 8–12 s.
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tracking bias at the current epoch. Hence, it is important to
catch sight of the tacking bias immediately as it appears, and
further correct it timely at each epoch before its propagation.

4. Proposed robust VTL structure

Considering the absolute VTL is robust to initialization biases,
it is selected in the proposed robust VTL structure. To further

eliminate the multipath/NLOS induced bias in its duration, an
instant tracking bias detection and correction method is used.
The flow chart of the proposed VTL structure with tracking

bias correction is shown in Fig. 6, and the pseudorange resid-
uals are used to calculate firstly a global test statistic to detect
the potential of a tracking bias. A local test is turned on when

the global test statistic exceeds the threshold. The local test is
used to identify the exact biased channel. The bias in the mea-
surement is estimated and corrected afterwards.

4.1. Bias detection

To simplify the expression, we take the k-th epoch as an exam-

ple to illustrate the problem. Besides, we also omit the slashes
in the superscript, since we have no information about the
appearance of the multipath/NLOS before bias detection.



Fig. 6 Block diagram of the proposed VTL structure with tracking bias correction.
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Based on the fact that the multipath/NLOS induced bias prop-
agates to the pseudorange observations, a binary hypothesis is

made below

H0 : qk ¼ h xkð Þ þ ek andHa : qk ¼ h xkð Þ þ qk;b þ ek ð49Þ
where qk;b denotes the multipath/NLOS induced pseudorange

bias at the epoch k; The null-hypothesis H0 stands for the case
free of multipath/NLOS, while Ha denotes the alternative one
with multipath/NLOS induced tracking bias. Assuming a nor-
mal user state prediction x�

k can be obtained, then we re-

express the pseudorange residual in Eq. (8) as

dqk ¼ qk � h x�
k

� � ð50Þ
under the null-hypothesis H0, the pseudorange residual is
Gaussian distributed with zero mean and the covariance

matrix Rdqk
¼ Rek þHkP

�
k H

T
k , which does not hold when a bias

appears. Hence, the binary hypothesis in Eq. (49) is equivalent
to the one below

H0 : E dqkf g ¼ 0 andHa : E dqkf g ¼ qk;b ð51Þ
It is known that as dqk is Gaussian, its variance obeys chi

square (v2) distribution. A global test statistic for detecting
an inconsistent pseudorange residuals is defined as3–4

r2
0;k ¼

dqkð ÞTR�1
dqk

dqk

M� 4
ð52Þ

The global test is to verify whether r2
0;k is centrally v2 dis-

tributed. M� 4 is the degree of freedom. For the number of
the available measurements is M, the unknown parameters
in the user state xk is 4. In the global test, the null-

hypothesis H0 states that the distributional assumptions meet
the reality, as opposed to the alternative Ha, which states that
the distributional assumptions are not correct. The threshold

for the global test, r2
0T, is defined as

r2
0T ¼ v21�a;M�4

M� 4
ð53Þ

where a represents the false alarm rate. If the test statistic r2
0;k

exceeds the threshold r2
0T, an inconsistency in the observations

is assumed, in that way the biased channel should be identified.

The local test is carried out for bias channel identification,
which is started only if a potential bias is detected in the global
test. The local test statistic is defined as the standardized resid-

ual below2
wm
k ¼ dqm

kffiffiffiffiffiffiffiffiffi
Rm

dqk

q
							

							; m ¼ 1; 2;:::;M ð54Þ

where Rm
dqk

denotes the m-th diagonal element of the covari-

ance matrix Rdqk . Each standardized residual wm
k is compared

with the a0-quantile of the standard normal distribution

n1�a0=2
3–4

wm
k 6 n1�a0=2; m ¼ 1; 2; :::;M ð55Þ

with a predetermined false alarm rate a0. The null-hypothesis
H0,m denotes that the m-th observation is not an outlier, and

is rejected if wm
k exceeds the threshold. The underlying assump-

tions of this local test include that the measurement residuals

in Eq. (54) follows N 0;Rdqk

� �
distribution is correct except

for the single constant bias appears in the m-th observation.

The standardized residual is then normally distributed with
zero expectation when H0,m is correct, and with a non-zero
expectation otherwise.

4.2. Bias estimation and correction

A LASSO based method is applied to estimate the multipath/
NLOS induced tracking bias for its correction. This method
was firstly proposed for multipath induced tracking bias esti-

mation in STLs.33 To discuss the bias estimation, the pseudo-
range residual in Eq. (50) is formulated as

dqk ¼ Hkdxk þ qk;b þ ek ð56Þ
The unknowns in Eq. (56) are dxk and qk;b. Generally, since

the number of multipath or NLOS affected channels is much
smaller than the number of the in-view satellites, it is reason-
able to assume that the bias vector qk;b is sparse. Exploiting

this sparsity assumption, the user state and the measurement
bias estimation can be obtained by solving the cost function
below33

dx̂k; q̂k;b ¼ argmin
dxk ;qk;b

k dqk �Hkdxk � qk;b k22 þ k Wkqk;b k1
ð57Þ

where Wk is a diagonal weighting matrix, and k Wkqk;b k1 is

the regulation term. Ideally, the weights contained in Wk

should be inversely proportional to the magnitude of the
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unknown bias vector qk;b.
33 For a fixed bias qk;b, the least

square solution of the user state residual is given by

dbxk ¼ HT
kHk

� ��1
HT

k dqk � qk;b

� � ð58Þ
Utilizing the estimation dx̂k from Eq. (58) to replace the

unknown dxk in Eq. (57), the bias can be obtained by minimiz-

ing the cost function below

q̂k;b ¼ argmin
qk;b

1

2
k PH dqk � qk;b

� � k2
2
þ k Wkqk;b k1 ð59Þ

where PH ¼ I�Hk HT
kHk

� ��1
HT

k is the orthogonal projection

matrix of the space spanned by the column vector of Hk. It
is noted that bias vector estimation is obtained by projecting

the bias-corrected measurements dqk � qk;b onto the orthogo-

nal space of the one spanned by the vector of Hk.
Define

dq
�
k ¼ PHdqk

H
�

k ¼ PHW
�1
k

hk ¼ Wkqk;b

8>><
>>: ð60Þ

Insert Eq. (60) into (59), we can get the following LASSO
estimation problem

q̂k;b ¼ argmin
qk;b

1

2
k dq

�
k;b �H

�
khk k

2

2 þ kkk hk k1 ð61Þ

Then, the LASSO problem can be solved by using classical

efficient algorithms. After the bias is estimated, the EKF mea-
surement is corrected by

dq
^

k ¼ dqk � q̂k;b ð62Þ
Since the multipath/NLOS- induced tracking bias is cor-

rected before being sent to the EKF, the tracking bias induced
navigation solution bias and the in-turn tracking bias propaga-

tion would not appear.

5. Results of proposed robust VTL

Effectiveness of the method to eliminate the multipath/NLOS
induced tracking bias is verified by numerical simulations based
on a semi-analytic model9 and a field data test processed with

the Software Defined Receiver (SDR). In the semi-analytic sim-
ulation, the constant velocity model is used to generate the user
trajectory. There are five satellites with their elevation and azi-
muth are the same as given in section 3.1. The EKF update

interval in the numerical simulations is 20 ms. Details of the
process noise can be found in Ref. 1, and the measurement
noise is randomly generated white Gaussian process. The C/

N0 of all the satellite signals are all 43 dB-Hz. An NLOS is sim-
ulated in S1 during 8-12 s, the extra delay of the NLOS is 0.25
chips relative to the LOS signal, and the amplitude of it is half

of the LOS one, while the carrier frequency remains the same
with that of the LOS signal. The pseudorange residuals are
compared in Fig. 7. It is noted that from the case free of mul-

tipath/NLOS as shown in Fig. 7(a), the pseudorange residuals
of all the tracking channels are zero mean. From the NLOS
case without bias correction in Fig. 7(b), it is noted that the
NLOS channel shows obvious bias, and the measurements

from the other channels almost all deviate from zero mean.
The above phenomenon is originated from the tracking bias
propagation in VTLs. Fig. 7(c) shows the pseudorange residu-
als after bias correction by the method given in Ref. 10, where
the bias is corrected based on the statistical mean of the mea-

surements. This means that the bias is corrected after its prop-
agation; hence, the bias cannot be corrected fully. It is clearly
noted that the measurements of almost all the channels still

show a slight bias. The pseudorange residuals after bias correc-
tion by the proposed method is shown in Fig. 7(d), where the
means of all the measurements are zero for the bias of the

NLOS channel is effectively corrected. The 3-D positioning
error and the clock bias estimation error in different cases are
compared, which are shown respectively in Figs. 7(e) and (f).
It can be seen that the proposed method shows best positioning

and timing performance, which are close to the ones without
NLOS reception induced tracking bias.

Fig. 8 gives the statistic results in the situations of NLOS,

constructive multipath, and destructive multipath. The relative
code delay between the reflected signal and the LOS signal var-
ies from 0 to 1.5 chips, while the amplitude of the reflected sig-

nal is half of the LOS one. The results of the NLOS case are
given on the top two panels, while the results of a constructive
multipath test case are given on the middle two panels, and the

destructive multipath is shown on the bottom of the two pan-
els. The mean of the measurements from the multipath/NLOS
channel during the multipath/NLOS period is shown on the
left panels, and is obtained by calculating the mean of the mea-

surement from the multipath/NLOS channel in its duration.
While the mean of the 3-D positioning error is shown on the
right panels, and is obtained by calculating the mean of the

3-D positioning error in multipath/NLOS duration. All the
results are obtained by Monte Carlo simulations with 50 trails.
It can be seen clearly from Fig. 8 that the measurement after

bias correction with the proposed method is close to zero,
which is much superior to the results processed by the previ-
ously proposed bias correction method. On the other side,

the mean of the 3-D positioning error of the proposed bias cor-
rection method is close to the one without NLOS reception,
which further verified the effectiveness of the proposed bias
correction method.

To further verify the performance of the proposed robust
VTL, the GPS data collected from an open sky scenario is used
in this experiment, and the detailed description of the data can

be found in Ref. 10. A semi-physic experiment is carried out by
manually adding an NLOS reception to PRN10 during 50–
53.8 s to the field collected data. The extra delay of the NLOS

signal is 0.5 chips, and its relative amplitude to the canceled
directed signal is 0.5. The tracking results without and with
bias correction by the method proposed in Ref. 10, and the
results after bias correction by the proposed method are shown

on the top three panels, while the horizontal positioning per-
formance are compared on the bottom panel of Fig. 9. It
can be seen that without tracking bias correction, the NLOS

induced tracking bias to PRN 10 channel has propagated to
all the other tracking channels. From Fig. 9(b), it is noted that
the phenomenon of bias propagation is eliminated to a large

extent after bias correction; however, there still remains some
tracking bias propagation at the beginning as the NLOS
appears. While from Fig. 9(c), it is noted that there is almost

no bias propagation for the NLOS induced tracking bias can
be corrected by the proposed method instantly. We define a
total propagated tracking bias to evaluate the bias propagation
phenomenon in the relative VTL. The total propagated



Fig. 7 Comparison of the tracking and navigation performance as a NLOS appears during 8–12 s. The curve ‘‘W-O bias” is the result

from a normal signal reception without multipath/NLOS; hence, the measurement is zero mean. The curve ‘‘W bias” stands for the result

from one channel with multipath/NLOS reception, but without bias correction; the curve ‘‘Bias Cr. By Ref. 10” denotes the result from the

channel with multipath/NLOS reception, and with the tracking bias corrected by the method in Ref. 10; the curve ‘‘Bias Cr. by proposed”

denotes the tracking bias is corrected by the proposed method.
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tracking bias is defined as the summation of the absolute mean
of the tracking bias from the channels except the NLOS recep-
tion channel. The total propagated tracking bias in Fig. 9(a) is

0.57 chip, while the ones after correction of tracking bias with
the method in Ref. 10 and Fig. 9(b) and the proposed method
in Fig. 9(c) are 0.087 chip and 0.062 chip, respectively. The

mean of the code discriminator output from the NLOS chan-
nel without bias correction in Fig. 9(a), after tracking bias cor-
rected by the method in Ref. 10 and Fig. 9(b) and the proposed
method in Fig. 9(c) are 0.406 chip, 0.176 chip and 0.167 chip,

respectively. The horizontal positioning results on the bottom
panel also shows the superiority of the proposed bias correc-
tion method, where the horizontal positioning error in the

three cases are 86.798 m, 22.294 m, and 16.732 m.



Fig. 8 Performance comparison as multipath appears.
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6. Conclusions

Conclusions are drawn by analyzing four kinds of potential
biases in the two existing VTL implementations. Both of the

initial user state bias and the initial code phase bias can be
eliminated by the new measurements in the absolute VTL,
but they cannot be eliminated in the relative VTL. The user

state bias induced from an erroneous navigation solution dur-
ing VTLs’ operational period can be eliminated by both of the
two VTL implementations. The appearance of the multipath/

NLOS introduces tracking bias and then the bias propagates,
while the induced bias disappears as the signal recovers. The
case is true for both of the VTL implementations. In the dura-
tion of the multipath/NLOS, bias propagation would decrease

the bias correction performance. Hence, it is important to cor-
rect the tracking bias before its propagation to ensure the per-



Fig. 9 Performance comparison of different methods for a field collected data with a manually added NLOS reception.
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formance of VTLs during the multipath/NLOS period. Based
on the above conclusions, a robust VTL structure is proposed,
where the absolute VTL is selected for its robustness to the two
initialization biases; meanwhile, the instant bias detection and
correction method is used to eliminate the multipath/NLOS
induced bias in its duration.
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