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Global satellite navigation systems (GNSS) are nowadays used in many applications. GNSS
receivers experience limitations in receiving weak signals in a degraded environment. Hence,
tracking weak GNSS signals is a topic of interest to researchers in this field. Different methods
have been proposed to address this issue, each of which has advantages and disadvantages. In
this paper, a method based on the vector tracking method is proposed for weak signal tracking.
This method has been developed based on a strong Kalman filter instead of the extended Kalman
filter used in conventional vector tracking methods. In order to adjust important parameters of
this filter, the fuzzy method is used. The results of tests performed with both simulated data
and real data demonstrate that the proposed method performs better than previous ones in weak
signal tracking.
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1. INTRODUCTION. One of the navigation systems used today in many applications
such as land transport, mobile phones, motor vehicles and maritime and air transport is
global positioning system (GPS). The importance of this navigation system has led many
researchers to work in this field. GPS receivers usually consist of four parts: front-end,
acquisition, tracking and navigation, in which the radio frequency (RF) front-end receives
an RF signal from the antenna. This signal is amplified, filtered, and down-converted in
frequency, then it is sampled with an analog-to-digital converter. The two main tasks of
the acquisition part are: (1) to adjust the carrier frequency and code phase of the local
replica to synchronise them with the incoming signal from the visible satellites and (2) fine
tuning of the carrier frequency and code phase of the incoming signal (Liu et al., 2019a).
The carrier frequency and phase code is then tracked and finally the positioning process
occurs in the navigation part (Mosavi et al., 2015). Since GPS satellite signals are trans-
mitted from an approximate height of 20,000 km, the signals received in GPS receivers can
be weak and have low carrier-to-noise ratio (CNR), but when these receivers are located
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in degraded environments such as urban, forest, indoor, or mountainous areas, the CNR
of received signals will be significantly reduced to the point that the traditional receivers
would not be able to track them. Much work has been done in the field of weak signal track-
ing. Some of these methods are based on frequency-assisted phase tracking (Jiang et al.,
2017). Another way to improve the CNR is to increase the coherent integration time; how-
ever, doing so reduces the loop update rate, thereby degrading GPS performance (Petovello
et al., 2011). The extended Kalman filter (EKF) technique is another method of tracking
weak signals (Psiaki and Jung, 2002). The drawback of this method is the filter divergence
in some circumstances. Therefore, adaptive EKF methods have been developed to solve
these problems (Chen et al., 2014). These methods change some of the filter parameters
according to the conditions, and yet not all of the parameters change at the same time.
There are other methods based on the use of pseudolites that can be useful in indoor sit-
uations (Liu et al., 2018, 2019b). All of the methods described above are based on scalar
tracking methods where one satellite is tracked separately from another satellite. Therefore,
strong signal level satellites will not be used to track the low signal level satellites, and this
is the biggest drawback of scalar-based tracking methods. One of the best methods to deal
with weak signal conditions is the vector tracking method, which has attracted the atten-
tion of researchers. In this technique, all channels are processed together in one algorithm
which typically is an EKF. Therefore, even if signals from some satellites are very weak,
the receiver can track them based on filtered output from the other satellites. Spilker (1996)
originally introduced the concept of vector tracking. Parkinson et al. (1996) explained the
structure of a vector delay lock loop and its advantages over the scalar delay lock loop. This
idea has been used in combining information from both GPS and inertial navigation system
(INS) systems (Groves and Mather, 2010; Luo et al., 2012; Hu et al., 2015; Li et al., 2016).
In these methods, position and velocity information from INS can therefore be used to aid
the tracking loops for removing dynamic stress from the GPS signal. Other work based on
vector tracking has been done to combine tracking channels without the use of an auxil-
iary system such as INS (Lashley et al., 2009; Brewer and Raquet, 2016; Tabatabaei et al.,
2017). In these methods, EKF is used to correct Doppler frequency shift and code delay
errors. Other methods based on the Kalman filter aim to eliminate the existing weaknesses
such as carrier phase accuracy, Doppler tracking accuracy, negative impact of varying CNR
and position estimation accuracy (Won et al., 2010; Zhao and Lu, 2012; Chen et al., 2014).
One of the advantages of the vector tracking technique is its capacity for tracking weak
signals (Soloview et al., 2009; Wang et al., 2015), but this method is based on the Kalman
filter, which can be divergent if the parameters are set incorrectly. The theory of fuzzy sets
was first introduced by Lotfi Zadeh in 1960 to express uncertainty. This theory is used in
non-precise modelling systems to create conditions for reasoning, deduction, control and
decision making in the uncertainty state of these systems. In fact, fuzzy logic is a useful
tool for solving problems that cannot be solved by probability theory and the reasoning of
fuzzy sets is its solution. Fuzzy logic can be used to estimate various parameters (Mao,
2007; Tabatabaei et al., 2016; Nourmohammadi and Keighobadi, 2018). Traditional vector
tracking methods can track signals down to a carrier-to-noise density ratio, CNR, of about
25 dB-Hz, but these methods are not feasible for tracking lower carrier-to-noise density
signals.

The innovation of this paper is that, instead of using the EKF in the vector tracking
method, fuzzy logic techniques are used for the adaptation of the initial statistical assump-
tion of a strong Kalman filter. Instead of empirically considering some parameters in the
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strong Kalman filter, the adaptive adjustment of these parameters is employed using the
fuzzy logic method. This technique improves weak signal tracking compared with previous
methods.

This paper is organised into sections as follows. Section 2 introduces the scalar and
the vector tracking loop and the key points of each method. In section 3, the fuzzy logic
for solving the problem is presented. Section 4 provides the proposed method for tracking
loops. The next three sections show the test scenario and the results of the tests performed
and the advantages of the proposed method are compared with previous methods. Finally,
the conclusion of the study is presented.

2. SCALAR AND VECTOR TRACKING. Generally, tracking loops include a carrier
tracking loop and a code tracking loop. In the code tracking loop, code shift is tracked
by delay lock loop (DLL), while in the carrier tracking loop, the phase lock loop (PLL)
tracks the carrier phase and Doppler frequency with high accuracy, however the frequency
lock loop (FLL) only tracks the Doppler frequency. On the other hand, a FLL has a better
dynamic performance in handling interference than the same order PLL. In scalar tracking-
based receivers, for each channel, there is a DLL for code phase tracking and a PLL for
carrier frequency tracking in such a way that the channels are tracked independently and
the condition of one channel has no effect on the other one. On the other hand, in vector
tracking-based receivers, tracking channels are coupled together through the navigation
processor, often based on an EKF. In vector tracking loops, the feature of jointly processing
all channels can exploit more information buried in signals, make it possible for channels
to aid each other and thus enhance the performance in low CNR environments (Xu and
Hsu, 2019).

Generally, the digital part of a GNSS receiver can be divided into two parts: signal
processing unit (SPU) and navigation processing unit (NPU). SPU does the tracking of the
code and carrier frequency as well as the measurement of the pseudo-range and the pseudo-
range rate, while NPU does the tracking and calculation of time in accordance with the
results of SPU. In scalar receivers, SPU is completely separate from NPU and its functions
are independent, while in vector receivers there is no boundary between NPU and SPU. In
fact, in vector receivers, when the visible signals in one or more channels are weak, the
receiver uses the features of other channels to lock onto these weak signals and calculate
the location and time of GPS receiver (Lim et al., 2013; Liu et al., 2014). Usually, the EKF
is used in vector tracking, but it should be noted that due to the large dimensional matrices
involved, the computational complexity in the vector tracking method is high, therefore the
selection of the Kalman filter algorithm should ensure that the complexity of calculations
will not increase significantly. Therefore, in this work, a modified strong tracking Kalman
filter (STKF) is implemented in the vector tracking algorithm, due to its low computa-
tional complexity as well as greater accuracy compared with the developed Kalman filter
(Jwo and Wang, 2007). A scalar receiver and a vector receiver are shown in Figures 1
and 2, respectively. In these figures, each channel of the receiver is represented by dash
blocks. If we assume that there is an N-channel receiver, each channel of this receiver in a
scalar method has a separate loop from another channel, and corrections for the code phase
and the Doppler frequency of each channel are performed in each channel independently.
Finally this information is sent to the navigation filter section for estimation of position
and time of GPS receiver. In the vector tracking method, information from each channel
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Figure 1. Overall structure of scalar tracking loops.

Figure 2. Overall structure of vector tracking (Zhao and Akos, 2011).
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is sent to the navigation filter, and all the information is processed together. Eventually the
correction information for the code phase and Doppler frequency is sent to each channel,
and this information is corrected for the next moment.

Generally, three stages are considered for implementation of the vector delay/frequency-
locked loop (VDFLL) by the vector tracking method: prediction, measurement and
estimation. In this work, these stages are implemented by considering STKF.

2.1. Prediction. The expected values of the code phase, code frequency and carrier
frequency are predicted by Equations (1), (2) and (3), respectively (Zhao and Akos, 2011).

ϕ̂j ,k+1 = ϕj ,k + (�Xj ,k,k+1 − tk,k+1vk)Taj ,k+1 + tk,k+1C (1)

f̂code,j ,k+1 =
fc
C

[1 + td,k + (Vj ,k − vk)Taj ,k+1] (2)

f̂carrier,j ,k+1 =
fn
C

[1 + td,k + (Vj ,k − vk)Taj ,k+1] (3)

where ϕj ,k is code phase in kth moment for j th satellite, ϕj ,k+1 is prediction of code phase
at k + 1 moment for j th satellite, �Xj ,k,k+1 is the position difference of j th satellite between
the k and k + 1 moments, tk,k+1 is integration cycle based on (Sec.), Vj ,k is the velocity of
j th satellite at k moment, ϑj ,k is velocity of user, C is speed of light and td,k is clock drift;
fc and fn are the C/A code frequency and carrier frequency for L1 frequency, respectively;
and f̂code,j ,k+1 and f̂carrier,j ,k+1 are the prediction of code phase and carrier phase at the k + 1
moment, respectively. Moreover, aj ,k+1 is unit vector between the line-of sight between the
receiver and j th satellite at the k + 1 moment (Jwo et al., 2015).

2.2. Observation and measurement. The inputs of the Kalman filter in the implemen-
tation of VDFLL are the pseudo-range and pseudo-range rate. Therefore, the observation
vector of Z is calculated by Equation (4) in which the outputs of the DLL and FLL com-
parator consist of the elements of observation vector that are calculated by Equation (5)
and (6). Additionally, QP, QL, QE , IP, IL, and IE are the correlative outputs (Song and Lian,
2016).

Zk =
[
�ρ

�ρ̇

]
=

⎡
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C
fc
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C
fn

⎤
⎥⎥⎦ (4)
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L√
I 2
E + Q2

E +
√
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L + Q2

L

(5)

⎧⎪⎪⎪⎨
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�f =
cross · sign(dot)

2π tk,k+1(I 2
P2

+ Q2
P2

)
cross = IP1 IP2 + QP1 QP2

dot = IP1 QP2 − IP2 QP1

(6)

where Z k is the observation vector, �ρ and �ρ̇ are pseudo-range and pseudo-range rate in
units of metres and metres per second, respectively, �τ is the code discriminator output in
chips, C is the speed of light, fc is the code chipping rate (1·023 MHz for GPS L1 C/A), fn is
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the carrier frequency (1,575·42 MHz for GPS L1), �f is Doppler frequency shift in Hz, IE ,
IL, IP, QE , QL, and QP are correlation results, tk,k+1 is the time interval between two samples
of observations, IP1 and IP2 are correlative outputs of IP in two consecutive moments, and
finally QP1 and QP2 are correlative outputs of QP in two consecutive moments.

2.3. Estimation and correction. The state vector of the Kalman filter which is used
in VDFLL is defined by Equation (7).

δX =
[
δx, δy, δz, δvx, δvy , δvz, δtb, δtd

]
(7)

where (δx, δy, δz) is position error, (δvx, δvy , δvz) is velocity error and (δtb, δtd) is the error
of clock bias and its drift. The prediction errors of position and velocity are calculated by
Equation (8), where F is the state transition matrix (Zhao and Akos, 2011).

δX −
k = FδXk−1 (8)

where δX −
k is the vector of the prediction errors of position and velocity at k moment;

and δXk−1 is the estimation of the same parameters at k − 1 moment. The prediction of
covariance error in the STKF is calculated by Equation (9).

P−
k+1 = λkFPkFT + Q (9)

where Pk is the matrix of estimation error covariance at k moment, Q is the matrix of
system dynamic covariance and λ is the scalability coefficient of the sub-optimal level that
is defined by Equation (10).

λi,k =

{
αick αick ≥ 1
1 αick < 1

(10)

where αi is used to improve the tracking ability of the STKF. Ck is defined in accordance
with Equation (11), where matrices of N k and M k are calculated by Equations (12) and
(13), respectively (Jwo and Wang, 2007).

ck =
tr(Nk)
tr(MK )

(11)

Nk = V̄k − βR − HQH T (12)

Mk = HFPkQTH (13)

Vk =

⎧⎨
⎩

dv0dvT
0 k = 0[

γ Vk−1 + dvkdvT
k

]
1 + γ

k ≥ 1
(14)

dvk = zk − ẑ−
k =zk − HδX −

k (15)

where H is measuring matrix, and β, γ , and αi are coefficients.
According to Equation (9), λk is the key parameter of the STKF. This parameter depends

on three other parameters whose adjustments are dependent on the designer’s knowledge
and experience. The parameter of αi is used for the improvement of STKF tracking ability.
The value of αi is considered equal to one in the present paper. The parameter of γ , which
is called the forgotten factor, is usually between zero and one, and it is considered equal
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to 0·9 in the present study. This parameter is usually selected empirically. The parameter
of β, which is called the fading factor, is used for the improvement of the state estima-
tion softness. A high value of β is used for more accurate estimation and lower value is
employed to increase the tracking ability (Jwo and Wang, 2007). The following process of
STKF is similar to the EKF, in that the Kalman filter gain, the error estimation of veloc-
ity and position, the estimation of covariance error, updating the position and velocity for
operation in next stage and finally the estimation of position and velocity will be calculated
by Equations (16) to (21).

Kk = P−
k H T(HP−

k H T + R)−1 (16)

δX +
k = δX −

k + Kk(z − HδX −
k ) (17)

P+
k = I − KkHP−

k (18)

X̂ +
k+1 = X̂k + tk,k+1v̂k (19)

v̂+
k+1 = v̂k (20)

X̂k+1 = X̂k + δX +
k (21)

where Kk is Kalman gain at k moment, P−
k is the covariance matrix of error prediction, R

is the covariance matrix of measurement noise, and P+
k is the error covariance matrix after

estimation.
The correction of code phase, code frequency and carrier frequency are calculated by

Equations (22), (23), and (24), respectively.

ϕj ,k+1 = ϕ̂j ,k+1 + δX T
k+1aj ,k+1 + tk,k+1C + tb,k (22)

fcode,j ,k+1 = f̂code,j ,k+1 + (td,k+1 + δvk+1aj ,k+1)
fc
C

(23)

fcarrier,j ,k+1 = f̂carrier,j ,k+1 + (td,k+1 + δvk+1aj ,k+1)
fn
C

(24)

In addition, Q and R are the most important parameters of the Kalman filter; they are
calculated by Equations (25) and (26).

Q = diag(σ 2
x , σ 2

y , σ 2
z , σ 2

vx
, σ 2

vy
, σ 2

vz
, σ 2

tb , σ 2
td ) (25)

R = diag(σ 2
code,1, . . . , σ 2

code,N , σ 2
carrier,1, . . . , σ 2

carrier,N ) (26)

In this study, R and Q will be updated by the windowing method and fuzzy logic,
respectively.

As it is shown in (27), the R matrix will be updated by the windowing method in each
stage. In Equation (27), Ĉυk is the statistical sample variance estimation of theoretical
covariance (Cυk). The matrix can be calculated by averaging the inside of a moving esti-
mation window in size N of Equation (28), where j0 = k − N + 1 is the first inside sample
of the estimation window (Mohamed and Schwarz, 1999).

R̂k = Ĉk − HkP−
k H T

k (27)

Ĉvk =
1
N

k∑
j =j0

vj v
T
j (28)
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Figure 3. Outline of a fuzzy system (Jwo and Wang, 2007).

3. FUZZY LOGIC. Figure 3 shows the typical structure of a fuzzy system. The fuzzy
logic of Takagi and Sugeno is employed in this study (Scherer, 2012). Figure 4 shows
the block diagram of this fuzzy logic. In the fuzzy system of Figure 4, y is calculated by
Equation (29) and wk is defined by Equation (30), where μ is membership function (Jwo
and Wang, 2007).

y =
M∑

k=1

wk.yk (29)

wk =

∏n
i=1 μFk

i
(xi)∑M

j =1

[∏n
i=1 μFj

i
(xi)

] (30)

4. PROPOSED METHOD. As mentioned above, some of the parameters in the STKF
algorithm are adjusted and determined based on personal experience or computer sim-
ulation. In order to resolve this shortcoming, a new approach called the adaptive fuzzy
strong tracking Kalman filter (FSTKF) is proposed. Therefore, by combining fuzzy logic
and STKF, a better performance of vector tracking can be expected. In this paper, two
parameters of STKF, the Q matrix and β coefficient, are adjusted in a fuzzy form. Figure 5
shows the proposed structure based on the STKF and fuzzy logic method. In the following,
the fuzzifier process of these parameters is explained.

4.1. The process noise covariance matrix. According to Equation (9), the matrix Q
will be added to the amount of covariance error at each stage. A high amount of Q in the
condition where the signal is weak can result in divergence of the Kalman filter. Therefore,
in case of degraded condition of the signal, the amount of Q should be low to avoid the
divergence of the system. For the fuzzification of matrix Q, the variances of position and
velocity are assumed to be equal in all three directions of x, yand z. Therefore, two fuzzy
systems (i.e., one for position covariance (qp ) and the other for velocity covariance (qv))
are considered for fuzzification of matrix Q.

In the present paper, the variance of clock bias and its drift are ignored and pre-
determined values are employed instead of them in fuzzy equations. These values are
assumed to be fixed, in which the value for the covariance of clock bias is 1e-2 and it is 1e-7
for its drift. It should be noted that usually small numbers are considered for the covariance
of clock bias and its drift. Finally, the input, output and rules of the fuzzy system associated
with Q fuzzy system will be calculated. The values calculated for membership functions
and fuzzy rules are obtained using simulation data. In section 7, it will be shown that these
values are validated for two series of real data
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Figure 4. Fuzzy system of Takagai and Sugeno (Jwo and Wang, 2007).

Figure 5. Proposed structure of vector tracking.

4.2. The fuzzy system of position covariance. The inputs of the fuzzy system of posi-
tion covariance are obtained by Equations (31) and (32). Vector Z is comprised of two
parts (i.e., pseudo-range and pseudo-range rate), in which pseudo-range and pseudo-range
rate are used for fuzzification of position covariance and velocity covariance, respectively.
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Figure 6. Membership functions of input (one) for qp .

Figure 7. Membership functions of input (two) for qp .

Therefore, in Equations (31) and (32), Z represents the pseudo-range of the fuzzy system.

input(one) = zk − ẑ−
k (31)

input(two) = zk − zk−1 (32)

The membership functions of input (one) and input (two) are presented in Figures 6 and 7,
respectively (S = small, M = medium and L = large). In this work, by examining differ-
ent membership functions, the triangular membership function is identified as a suitable
method for fuzzification and various simulation data are used to adjust the parameters of
these membership functions. After determining these parameters, the accuracy of this data
is also evaluated by actual recorded data of satellites. The results show that the parameters
obtained for the membership functions perform well in weak signal tracking. The rules of
the fuzzy system are shown in Table 1, where the columns and the rows show the first and
the second inputs, respectively and the values of the table are the output value of qp . The
values of this table are determined by various simulations performed on satellite data and
their accuracy is evaluated with real data. Simulated data in this work are generated by a
GPS simulator, which is used to determine fuzzy parameters and their adjustment. Real
data are also recorded by a RF front-end.
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Table 1. Rules of the fuzzy system related to qp .

S M L

S 0·01 0·04 7
M 0·02 0·05 8
L 0·03 6 9

Figure 8. Membership functions of input (one) for qv .

Figure 9. Membership functions of input (two) for qv .

4.3. The fuzzy system of velocity covariance. The inputs of this system are also cal-
culated by Equations (31) and (32). Since the velocity covariance in three directions is the
output, the pseudo-range rate of vector Z is considered in this fuzzy system.

In this system, the membership functions of input (one) and input (two) are shown in
Figures 8 and 9. The rules of the fuzzy system are presented in Table 2, in which the
values in the table are the output values of qv . Columns and rows of this table are related
to the first and the second inputs, respectively. According to the method described in the
previous section, the parameters related to the membership functions and the fuzzy table of
determination of the velocity covariance are also determined.
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Table 2. Rules of the fuzzy system related to qv .

S M L

S 0·01 1 2
M 0·005 1·5 2·5
L 0·075 1·75 3

Figure 10. Membership functions of input for β.

4.4. The fuzzy system of β coefficient. The defined fuzzy system of β coefficient
consists of an input and an output, in which the input is as follows:

input = abs
(

vk.vT
k

trace(HPHT + R)
− 1

)
(33)

The membership functions of this input are shown in Figure 10. The rules of this fuzzy
system are determined by the experience of the designer as follows:

(1) When the input is S, β is considered equal to 3·5.
(2) When the input is M , β is considered equal to 1·1.
(3) When the input is L, β is considered equal to 7.

Employment of STKF instead of EKF in vector tracking does not increase the computa-
tional complexity, but the proposed fuzzy method results in 30% increase in computational
complexity compared with the traditional vector tracking.

5. TEST SETUP. Three different types of data have been used to evaluate the perfor-
mance of the proposed method. First, the simulated data of the RF front-end of a receiver
with central frequency of zero and sampling frequency of 2·5 MHz were used in the study.
In the next stage, real data with a central frequency of 1·4 MHz and sampling frequency of
5·7 MHz, which were recorded by a car on the campus of the Iran University of Science and
Technology, were utilised. In the third stage, additional real data (Zhao and Akos, 2011)
was used for the evaluation of the proposed method to show that the proposed method is
applicable to any data.
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Figure 11. Tracking error of carrier frequency related to PRN-20.

Figure 12. Carrier frequency error of PRN-3.

6. SIMULATED DATA. Four different scenarios were investigated regarding the sim-
ulated data. In the first scenario, the performance accuracy of the vector receiver was
evaluated, and other scenarios were designed in such a way to show the weakness of con-
ventional vector receivers in tracking very weak signals. In contrast, the proposed method
has the ability to track satellite signals in these conditions. Another scenario is also pre-
sented to show the advantages of the proposed method compared with the previous ones
using the real data of a receiver.

6.1. First scenario. In this scenario, the signals of PRN-1, PRN-11, PRN-19, PRN-
20 and PRN-22 satellites were selected among eight visible satellites and for a period of
20 seconds (from 45 to 65 seconds) between 150 seconds of simulated data, which were
weakened and noise was magnified, below the level of 25dB-Hz signals. This scenario
was investigated for the evaluation of EKF, STKF and fuzzy STKF-based vector tracking.
In all three methods, the tracking ability returned to the desired state immediately after
the weakening period of the satellites signals. For instance, Figure 11 shows the tracking
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Figure 13. Position error in the X-direction.

Figure 14. Velocity error in the Z-direction.

error of carrier frequency of PRN-20 for three methods. If the standard deviation error of
these methods after their stability is checked, then the standard deviation error of method
EKF and STKF are 5·23 Hz and the proposed FSTKF method is 4·75 Hz, which indicates
that the accuracy of the proposed method is better than the other two methods. In addi-
tion, the results are the same for other satellites. It was observed that all three methods
can resist signal obstruction for the period of 20 s against the magnified noise of the five
channels.

6.2. Second scenario. In this scenario, the signals of all channels were processed and
weakened and noise was magnified for a period of 10 s (from 30 to 40 s out of the total time
of 90 s). Figure 12 shows the tracking error of carrier frequency related to PRN-3 satellite.
If the standard deviation error of these methods after their stability is checked, then the
standard deviation error of method STKF is 4·98 Hz and the proposed FSTKF method is
4·21 Hz, which indicates that the accuracy of the proposed method is better than the STKF
method. Also, as it is shown, the CNR level of all eight visible channels reduced to below
25 dB-Hz instantaneously, therefore, the vector tracking based on EKF did not show any
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Figure 15. Carrier frequency error related to PRN-3.

Figure 16. Position error in the Y-direction.

resistance against the weak signal conditions. The STKF-based vector tracking relocked
the signal and continued the process of tracking with a 30 s delay from the reconnection
moment of signals, while the proposed FSTKFmethod relocked the signal and returned the
error of carrier frequency to zero after the return of all the channels to normal state without
any delay. Figures 13 and 14 show the position error in the X-direction and velocity error in
the Z-direction, respectively. It has been observed that the proposed method is able to locate
the signals with a low error immediately after the return of the channels to the normal state,
while the EKF-based vector method completely escaped from the lock and the STKF-based
vector method relocked the signal after a relatively long delay. By comparing the results
of the first and second scenarios, it can be seen that if some of the satellite signals are
weak, the information from other strong signal satellites can be used to track weak signals,
which is shown in the first scenario. However, the second scenario shows that if all satellite
signals are weak, the EKF method cannot track them, and the STKF method will track with
delay, while the proposed FSTKF method performs the signal tracking well, immediately
after the signals are strong.
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Figure 17. Velocity error in the Y-direction.

Figure 18. Carrier frequency error related to PRN-19.

Figure 19. Position error in the X-direction.
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Figure 20. Velocity error in the X-direction.

Figure 21. Process of recording dynamic real data around Iran University of Science and Technology.

6.3. Third scenario. In this scenario, the signals of several time intervals including
15 to 20 s, 25 to 30 s and 65 to 70 s out of 90 s are processed and weakened, and noise is
magnified. Figure 15 shows the carrier frequency error of PRN-3, for example. As shown
in Figure 15, the EKF-based vector receiver could not continue the tracking process and
escaped from the lock in the first time interval when all the signals of the channels were
weakened. On the other hand, although the STKF-based vector tracking was successful in
the first time interval, it could not continue the tracking process and escaped from the lock
in the second time interval. In contrast, the proposed FSTKF method was able to keep its
resistance against the weak signal conditions in all of the three time intervals, continued
the tracking process, and found the location successfully. The standard deviation error of
carrier frequency in this scenario for the proposed method was 5·02 Hz, while the EKF and
STKF methods could not track correctly. Figures 16 and 17 show the position and velocity
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Figure 22. Recording path of the dynamic real data around Iran University of Science and Technology.

error of this scenario for the three methods in the Y-direction. As it is shown, the proposed
FSTKF method was able to return to its initial state to show a good resistance against the
noisy signal after the three time intervals.

6.4. Fourth scenario. In this scenario, the signals consist of simulation signals with
noise added at a CNR below 25 dB-Hz in three different time intervals and different con-
ditions. The total processing time was considered equal to 100 s. In the time intervals of
10 to 15 s and 60 to 65 s, all the visible satellites were noised and in the time interval of
30 to 45 s, the channels related to PRN-1, PRN-3, PRN-11, PRN-19, PRN-20, and PRN-22
satellites were noised. Figure 18 shows the carrier frequency error of PRN-19. The stan-
dard deviation error in this scenario for the proposed method was 3·91 Hz. As shown in
Figure 18, vector tracking based on EKF and STKF showed resistance against the noisy
condition of the first two time intervals, but was not able to lock the signals in the third
time interval. On the other hand, the proposed FSTKF method was able to lock the sig-
nal and continue the tracking process in the third time interval. Figures 19 and 20 show
the position and velocity errors in the X-direction, respectively. The difference between the
third and fourth scenarios is that all satellite signals in the third scenario for all three periods
of time are weakened, while in the fourth scenario, all signals are weakened in the first and
third times, but some signals are weakened in the second time interval. The results of these
two scenarios show that the EKF method has the ability to go back and retry only for the
first time interval when the signals are interrupted. For cases where the signal is weak and
then strong twice consecutively, the STKF method can track the signal, but if the number
of such occurrences increases, only the proposed FSTKF method can do the tracking well.

7. RESULTS OF REAL DATA. In this section, two real data series, measured by two
different receivers, were used to evaluate the proposed algorithm.
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Figure 23. Doppler frequency related to PRN-27.

Figure 24. Doppler frequency related to PRN-15.

Figure 25. Doppler frequency related to PRN-18.
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Figure 26. Doppler frequency related to PRN-19.

Figure 27. Correlation power related to PRN-19.

7.1. Results of first set of real data. In the present study, the real data were recorded
from the surrounding streets of the Iran University of Science and Technology. Figures 21
and 22 show the method and the process of data recording. In the normal state, the CNR of
recorded real data is about 40 dB-Hz. In this case, the conventional receivers are not able to
track all channels by the scalar tracking method, while the vector tracking method is able
to track and locate five visible satellites easily. To show the advantages of the proposed
method, the channels related to the PRN-27, PRN-15 and PRN-18 satellites were greatly
weakened by noise added to signals in the time intervals of 10 to 15 s and 25 to 35 s.

Figures 23–25 show the Doppler frequency related to PRN-27, PRN-15 and PRN-18 for
vector tracking based on the EKF, STKF and proposed FSTKF method, respectively. First,
normal vector tracking was used in normal conditions without noise added to signals, then,
after being weakened by added noise, the abovementioned methods were evaluated. As the
results show, the three types of vector tracking did not escape from the lock in the first time
interval, but the STKF and EKF-based vector tracking methods were not able to maintain
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the signal lock in the second time interval. However, the proposed FSTKF method was able
to return to the normal state and keep the signal lock after the second time interval. In the
steady state, when the power of signals is strong, EKF has an average of Doppler frequency
4,081 Hz and 364 Hz, 1,070 Hz for PRN-27, PRN15 and PRN-18, respectively, in normal
conditions but when the signal is greatly weakened, the Doppler frequencies of the two
methods, EKF and STKF, are divergent and the Doppler frequency of the FSTKF method
for the satellites PRN-27, PRN15 and PRN-18 will be 4,083 Hz, 371 Hz and 1,057 Hz,
respectively, which shows that there are a few differences between the values of the normal
state and the signal attenuation mode. Therefore, it can be said that the proposed method
has the ability to perform successfully in unsuitable conditions, increase the sensitivity of
the receiver, and keep the signal lock.

7.2. Results of second set of real data. In this scenario, data were recorded by RF
front-end receiver that was different from the RF front-end receiver used in the previous
scenario. The purpose of repeating these tests for real data for the two recent scenarios
was to verify the parameters obtained for the fuzzy system configuration. In this scenario,
the signal was blocked for 200 s after the start. There were nine visible satellites at the
beginning of the process. Figures 26 and 27 show the Doppler frequency of PRN-19 and
the power correlation diagram of this satellite, respectively. As it is shown in Figure 19, in
the proposed FSTKF method, the signal was returned at 350 s and the tracking loop was
locked while the traditional EKF method was not able to lock the signal properly and was
locked out. Therefore, the fuzzy vector tracking had a better performance compared with
the traditional vector tracking.

8. CONCLUSIONS. In the present study, a new method was presented for increasing
the resistance of GPS receivers in the consistent tracking of satellite signals, even in condi-
tions of weak signal and frequent obstruction of the satellite signal. This method was based
on a combination of STKF and fuzzy logic. In this method, some parameters of STKF,
which needed to be updated in accordance with the received signals automatically, became
adaptive with the help of fuzzy logic. Simulated data and two sets of real data were used
for the evaluation of this method. The results showed that if the signals become weaker
than a certain point, below 25 dB-Hz, the previous vector methods would not be able to
resume tracking the signals. In the case of multiple satellite signal obstructions, the tradi-
tional methods would not be able to perform the tracking process. However, the proposed
method of this study was able to track the signals quickly in conditions of weak signal
and multiple signal obstruction. The main capability of this method is based on entering
information and the experimental knowledge of the designer through fuzzy logic. In addi-
tion, it should be noted that the computational complexity of STKF-based vector tracking
would not be increased compared with the traditional vector-based method, while the com-
putational complexity of the proposed method of fuzzy vector tracking would be increased
about 30%.
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