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Abstract: The decentralized pre-filter based vector tracking loop (VTL) configuration with data wipe-off (DWO) method of the Global Positioning System (GPS) receiver is proposed for performance enhancement. It is a challenging task to continuously track the satellites’ signals in weak signal environment for the GPS receiver. VTL is a very attractive technique as it can provide tracking capability in signal-challenged environments. In the VTL, each channel will not form a loop independently. On the contrary, the signals in the channels of VTL are shared with each other; the navigation processor in turn predicts the code phases. Thus, the receiver can successfully track signals even the signal strength from individual satellite is weak. The tracking loop based on the pre-filter provides more flexible adjustment to specific environments to reduce noise interference. Therefore, even if the signals from some satellites are very weak the receiver can track them from the navigation results based on the other satellites. The navigation data, which contains information necessary to perform navigation computations, are binary phase-shift keying (BPSK) modulated onto the GPS carrier phase with the bit duration of 20 ms (i.e., 50 bits per second) for the GPS L1 C/A signals. The coherent integration interval can be extended for improved tracking performance in signal-challenged environment. However, tracking accuracy is decreased by possible data bit sign reversal. The DWO algorithm can be employed to remove the data bit in I and Q correlation values so as to avoid energy loss due to bit transitions when the integration interval of the correlator is extended over 20 ms under the low carrier-to-noise ratio (C/No) environments. The proposed method has an advantage to provide continuous tracking of signals and obtain improved navigation performance. Performance evaluation of the tracking capability as well as positioning accuracy will be presented.
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1  Introduction

Traditional Global Positioning System (GPS) or other Global Navigation Satellite System (GNSS) [1–6] receivers track signals from different satellites independently. Each tracking channel measures the pseudorange and range rate, respectively, and then sends them to the navigation processor to solve for the user's position, velocity, clock bias and drift (PVT). The signal tracking modulo tries to adjust the local signal to synchronize the local phases with the received ones from satellites. As one of the most vulnerable parts of a receiver, the carrier and code tracking loops play a key role in a GPS receiver.

The traditional scalar tracking loop (STL) is composed of the correlator, discriminator, loop filter, and numerically control oscillator (NCO) in each channel. The intermediate frequency (IF) signal is correlated with internally generated replica signal, and the output of correlator consists of in-phase (I) and quadrature-phase (Q) components via integrate-and-dump operation. The traditional STL processes signals from each satellite separately and the discriminators are employed to measure the code phase error and carrier frequency error, which are passed to navigation filter and through loop filter to control NCO. The STL processes signals from each satellite separately. Specifically, a delay lock loop (DLL) is used to track the code phase of the incoming pseudorandom code and a carrier tracking loop, such as a frequency lock loop (FLL) or a phase lock loop (PLL), is used to track the carrier frequency or phase. The tracking results from different channels are then combined to estimate the navigation solutions. The drawback of STL is that it neglects the inherent relationship between the navigation solutions and the tracking loop status. In that sense, a STL is more like an open loop system and provides poor performance when scintillation, interference, or signal outages occur.

Several researchers have recently studied a vector tracking loop (VTL) [7–11], such as a vector delay lock loop (VDLL) and a vector frequency lock loop (VFLL), and the combination of both, called VDFLL, to obtain an improved tracking performance in GPS receiver. Vector tracking loops integrate the tracking loops and navigation processor, such that each tracking loop update is also based on information from other tracking loops. For the VTL architectures, the tasks of signal tracking and navigation state estimation are no longer separate processes. The VTL architectures provide several important advantages as compared to the STL ones. They differ from the traditional STL in that the task of navigation solutions, code tracking and carrier tracking loops for all satellites are combined into one loop. The VTL provides a deep level of integration between signal tracking and navigation solutions in a GPS receiver and results in several important improvements over the traditional STL such as increased interference immunity, robust dynamic performance, and the ability to operate at low signal power and bridge short signal outages [12–15]. In the VTL structure, all channels are processed together in one processor which is typically an estimator, such as extended Kalman filter (EKF) [16,17] or unscented Kalman filter (UKF) [18,19] to provide an estimation of signal parameters for all satellites in view and user PVT solutions based on both current and previous measurements from all satellites.

To achieve improved tracking performance in signal-challenged environment such as low C/No level, the coherent integration interval in a GPS receiver has to be increased. However, the tracking accuracy of a weak signal is decreased by the possible data bit sign reversal every 20 ms to the integration interval for the GPS L1 C/A signals. The data wipe-off (DWO)/data wiping techniques [20–22] can be incorporated into the VTL of a GPS receiver to improve the tracking threshold. The DWO algorithm enables longer coherent integration time by removing the 50 Hz navigation data from the received signal. The technique is employed on the basis of pre-detection method to detect data bit sign reversal to extend the coherent integration interval over 20 ms. Different levels of signal quality, e.g., carrier-to-noise (C/No), will influence I and Q values in the same coherent integration interval. Increase of integration interval will increase the anti-interference ability. In the case of signal-challenged environment, performance improvement can be made by extending coherent integration interval. The DWO algorithm can be employed to remove the data bit in I and Q correlation values and to avoid energy loss due to bit transitions when the integration interval of the correlator is extended over 20 ms in low C/No levels. The VTL based on the pre-filter offers better flexibly to adjust and better anti-jamming than that based on the discriminator. The measurement of the pre-filter is the I and Q components, which are highly nonlinear to the states of for pre-filter. The DWO algorithm based on the carrier phase discriminator is used to estimate the phase and to remove effect of navigation data to avoid the navigation data bit phase reversal that might lead to estimation divergence.

This paper presents the continuous tracking and accuracy improvement of a GPS receiver using the data wipe-off techniques. The remaining of this paper is organized as follows. In Section 2, preliminary background on the pre-filter based vector tracking loop is reviewed. The data wipe-off method using the carrier phase discriminator is discussed in Section 3. In Section 4, the navigation filter design is presented. In Section 5, simulation experiments are carried out to evaluate the performance and effectiveness. Conclusions are given in Section 6.

2  The Pre-Filter Based Vector Tracking Loop

In a conventional GPS receiver with VTL, each channel consists of a correlator, discriminator and numerically controlled oscillator (NCO), where the loop filter is removed. The code loop NCO in the STL is replaced by the estimated user positions to control the update of the local code. The VTL based on the discriminator utilizes the output of the nonlinear discriminator. The Doppler frequencies and the pseudoranges are calculated from the estimated user position and velocity from the output of navigation filter. The VTL outputs of each channel are used as the measurement of the navigation filter, which then provides feedback to NCO. The navigation filter can be an EKF or an UKF, employed to estimate the navigation state PVT of the receiver. The error signals arise from the estimated user positions and the satellite positions calculated by the ephemeris. When one channel experiences interference or signal outages in the VTL, the information from other satellites can be used estimate the status of this channel.

Some relations for the code phase τk, carrier Doppler frequency fd, pseudorange and pseudorange rate are discussed. The code phase and the range are related by

τk=fC/A⋅t=fC/A⋅ρkc=ρkλC/A(1)

and the carrier Doppler frequency and the pseudorange rate are related by

fd=fk=−ρ˙kλϕ(2)

where c is the speed of light; λc/A is the code width; and λϕ is the carrier wavelength. The code phase error can be represented as

Δτk+1= Δτ^k+ Δt⋅ Δτ˙k+Δt2wkρ2λC/A= Δτ^k+ Δt⋅(ρ˙kλC/A− Δτ˙^k)+Δt2wkρ2λC/A(3)

where τk and τ^k represent the true and estimated code phases, respectively and wpk is the Gaussian white noise. Furthermore, the carrier phase error can be represented as

Δϕk+1=Δϕk−2πλϕΔt⋅ρ˙k−2πf^kΔt+πΔt2wkρλϕ(4)

The Doppler frequency error can be written as

Δfk=fk−f^k=−ρ˙kλϕ−f^k(5)

where fk and f^k represent the true and estimated Doppler frequencies, respectively.

The system configuration is this paper employed is the decentralized pre-filter based vector tracking loop, where each channel consists of a correlator, pre-filter and NCO, shown as in Fig. 1.

[image: images]

Figure 1: System configuration of the pre-filter based vector tracking loop

The front-end converts the RF GPS signals to intermediate frequency signal (SIF)

SIF(t)=2P⋅D(t−τ)⋅g(t−τ)⋅cos⁡(2π(fIF+fd)t+θ)+nIF(6)

The local oscillator-generated signals in the in-phase and quadrature branches of correlator outputs are, respectively, given by

LOI=2cos⁡(2π(fIF+f^d)t)(7a)

LOQ=2sin⁡(2π(fIF+f^d)t)(7b)

where P is the signal power; D is the navigation data bit; g is the PRN code; τ is the signal propagation time form satellite to receiver antenna; fIF is the intermediate frequency; fd is the Doppler frequency; f^d is the estimated Doppler frequency; θ is the initial phase; and nIF is the Gaussian white noise. After filtering, Doppler removal, correlation processes, summed and dumped in an accumulator, the accumulated in-phase signal component has the form

IA=1T∫0TIgdt=2P⋅D⋅R(τ)⋅1T⋅∫0Tcos⁡(2π(fd−f^d)t+θ)dt+nI
and furtherly simplified to

IA=2P⋅D⋅R(τ)sin⁡(π(fd−f^d)T)π(fd−f^d)Tcos⁡(π(fd−f^d)T+θ)+nI(8a)

Similarly, an approximation of the accumulated quadrature-phase signal component is

QA=2P⋅D⋅R(τ)⋅sin⁡(π(fd−f^d)T)π(fd−f^d)T⋅sin⁡(π(fd−f^d)T+θ)+nQ(8b)

The correlation function of the PRN sequences between the local prompt code and received spreading code is

R(τ)={1−|τ|0|τ|≤1|τ|>1chipchip(9)

where the code phase error τ is in unit of chip. The flowchart for generation of I & Q components is illustrated in Fig. 2.
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Figure 2: Flowchart for generation of in-phase (IA) and quadrature-phase (QA) correlator outputs

The I and Q correlator outputs for Channel i are utilized as the measurements for the pre-filter, represented as

Ii=Ak,iR(Δτ+δj)sin⁡(πΔfT)πΔfTcos⁡(πΔΦ)+nI,i(10a)

Qi=Ak,iR(Δτ+δj)sin⁡(πΔfT)πΔfTsin⁡(πΔΦ)+nQ,i(10b)

where Δf is the Doppler frequency errors T is the integration interval; ΔΦ is the carrier phase error; and δj represents the early, prompt, and late branches of the correlator, respectively, i.e., δj=E/P/L=−0.5/0/0.5. Furthermore, the variable Ak,i is defined as the product of navigation data D and signal amplitude 2T⋅S/No=2P, which can be described as a random walk process

Ak+1=Ak+wkA(11)

The models involved include a linear system dynamic model and a nonlinear measurement model given as

xk+1=Axk+Buk+Gwk
zk=h(xk,uk)+vk
There are four parameters (xk,i, i=1…4) to be estimated, including the pseudorange rate ρ˙k, code phase error Δτk, carrier phase error ΔΦk and Ak. Defining the state vector, control input and noise input of the pre-filter for signal tracking as

xk=[ρ˙kΔτkΔΦkAk]T; uk=[τ˙^kf^k]T; wk=[wkρwkA]T(12)

the pre-filter dynamics takes the form

xk+1=[1000ΔtλC/A100−2πλΦΔt0100001]xk+[00−Δt00−2πΔt00]uk+[Δt0Δt22λC/A0−πΔt2λΦ001]wk(13)


where τ˙^k is the estimated code phase rate; f^k is the estimated Doppler frequency; wkρ and wkA are noise inputs.

In this paper, an UKF is employed for each pre-filter in the VTL, where the measurement vector is composed of the early, prompt, and late components of in-phase and quadrature-phase correlator outputs:

zk=[IEIPILQEQPQL]T(14)


The nonlinear relation of the measurements and state variables are related by

Ii,k=xk,4R(xk,2+δi)sin⁡(π(−xk,1/λΦ−uk,2)T)π(−xk,1/λΦ−uk,2)Tcos⁡(πxk,3)+nI,i,k(15a)

Qi,k=xk,4R(xk,2+δi)sin⁡(π(−xk,1/λΦ−uk,2)T)π(−xk,1/λΦ−uk,2)Tsin⁡(πxk,3)+nQ,i,k(15b)

where δi=E/P/L=−0.5/0/0.5, and uk,2 represents the 2nd element of vector uk.

3  The Data Wipe-Off Method Based on Carrier Phase Discriminator

For performance improvement, a DWO algorithm is presented on the basis of pre-detection method to avoid the energy decrease by possible data bit sign reversal. Two common DWO algorithms are: (1) the energy-based bit estimation algorithm; (2) the carrier phase discriminator based algorithm. The DWO method based on the carrier phase discriminator is incorporated into the GPS VTL to remove the navigation data bit in I and Q correlation values. Fig. 3 shows the structure of DWO method employed in this paper. Since the measurements I and Q are high nonlinearly related to the system states, thus, the nonlinear filter algorithm possess advantages in such type of estimation problem.

[image: images]

Figure 3: Block diagram for the data wipe-off (DWO) algorithm

The phase error of carrier phase discriminator is calculated by

δΦk=atan2(Qkp,Ikp)(16)

where δΦk is carrier phase error, QP and IP are correlation values of prompt correlator. The data bit is estimated from the residual between current and previous carrier phase error:

D^k={−D^k−1D^k−1,90∘<|δΦk−δΦk−1|<270∘otherwise(17)

where D^k is the estimated data bit and k is the time epoch. The data bit of correlator output is stripped by estimated data bit. This method removes the navigation data bit in I and Q values and can prevent the estimation state from divergence due to the navigation data bit transition.

Since the GPS possesses a 50 Hz navigation data message bit rate, the predetection integration time is usually the period of a navigation data bit, namely, 20 ms. The C/No level of the GPS with good signal power typically range from 35–55 dB-Hz, so tracking errors generally run on the lower end of the range.

Instead of decoding the navigation data, the purpose of DWO or data wiping method is employed to remove the data bit in I and Q correlation values so as to avoid energy loss due to bit transitions so as to maintain tracking under the low carrier-to-noise ratio (C/No) environments. The DWO algorithm can be employed to remove the data bit in I and Q correlation values and to avoid energy loss due to bit transitions when the integration interval of the correlator is extended over 20 ms in low C/No levels. When the integration interval ranges from 10–20 ms, the C/No of the signals that can be successfully tracked normally ranges from 32–50 dB-Hz. To further improve the sensitivity of the receiver for successful tracking at lower C/No signal levels, one important issue is to overcome the energy loss due to phase change when the integration interval is extended over 20 ms. In such case, the DWO algorithm is applicable.

To achieve higher tracking performance in weak signal environment, the coherent integration interval in a GPS receiver has to be increased. However, the tracking capability of the weak GPS signal is decreased by the possible data bit sign reversal every 20 ms to the integration interval. The DWO algorithm is presented on the basis of pre-detection method to detect data bit sign reversal to extend the coherent integration interval over 20 ms. The DWO techniques enable longer coherent integration times by removing the 50 Hz navigation data from the received signal.

4  The Navigation Filter

When selecting extended Kalman filter as the navigation state estimator in the GPS receiver, using b and d to represent the GPS receiver clock bias and drift, the differential equation for the clock error is written as

b˙=d+ubd˙=ud
where ub and ud are independent Gaussianly distributed white sequences. The dynamic process of the GPS receiver in lower dynamic environment can be represented by the PV (Position-Velocity) model. In such case, we consider the GPS navigation filter with three position states, three velocity states, and two clock states, so that the state to be estimated is a 8×1 vector

xk=[δxkδykδzkδx¨hδy˙kδz˙kδbδd]T
The process model is assumed to be linear given by

xk+1=Φkxk+wk
where

Φk=[100Δt00000100Δt00000100Δt000001000000001000000001000000001Δt00000001]
Consider the user position in three dimensions, denoted by (xu,yu,zu), the GPS pseudorange and range rate measurements made to the n satellites can then be written as

ρki=||si−u||+b+vρi=(xi−xu)2+(yi−yu)2+(zi−zu)2+b+vρi,i=1,…,n
and

ρ˙ki=(si−u)T(s˙i−u˙)ρki+b˙+vρ˙i
respectively, where (xi,yi,zi) denotes the i-th satellite's position in three dimensions. The measurement vector for the navigation filter is

zk=[Δρk1⋯ΔρknΔρ˙k1⋯Δρ˙kn]T=[cΔτk1fC/A⋯cΔτk2fC/AcΔfk1fL1⋯cΔfk2fL1]T(18)

where

[ ρk1⋮ρknρ˙k1⋮ρ˙kn ]−[ ρ^k1⋮ρ^knρ˙^k1⋮ρ˙^kn ]︸Zk=[ hx,1hy,1hz,100010⋮⋮⋮⋮⋮⋮⋮⋮hx,ihy,ihz,i00010000hx,1hy,1hz,101⋮⋮⋮⋮⋮⋮⋮⋮000hx,ihy,ihz,i01 ]︸Hk[ x1x2x3x4x5x6x7x8 ]+[ vρ1⋮vρnvρ˙1⋮vρ˙n ](19)

where

hx,i=x^u−xir^i;hy,i=y^u−yir^i;hz,i=z^u−zir^i
r^i=(x^u−xi)2+(y^u−yi)2+(z^u−zi)2
The elements of the measurement model Hk are the partial derivatives of the predicted measurements with respect to each state, where (xu,yu,zu) denotes the user position in three dimensions, (xi,yi,zi) denotes the i-th satellite's position in three dimensions. The vector (hx,i,hy,i,hz,i), i=1,…,n, denotes the line-of-sight vector from the user to the satellites. Fig. 4 shows the system configuration of the VTL with DWO algorithm where the EKF is selected for the navigation filter and UKF for the pre filter. The detailed algorithms for EKF and UKF are provided in Appendices A and B, respectively. It should be mentioned that the Doppler frequencies utilized in the I and Q measurements of the pre-filter and navigation filter, respectively, are given by
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Figure 4: The pre-filter based vector tracking loop with DWO algorithm

Δfk−=fk−fk−1−≈fk−(−1λϕ⋅x1,k−1−)(20)

and

Δfk+=fk−fk−1+≈fk−(−1λϕ⋅x1,k−1+)(21)

5  Results and Discussion

Simulation experiments have been carried out to verify the effectiveness and justification of the performance. Simulation was conducted using the computer codes developed by the authors based on the Matlab® software. The commercial software Satellite Navigation Toolbox (SatNav) by GPSoft LLC [23] was utilized to generate the information used for navigation processing, such as the GPS satellite orbits/positions and thereafter, the satellite pseudoranges, carrier phase measurement for the STL receiver, required for simulation. For the VTL, the tasks of signal tracking and navigation state estimation are no longer separate processes. In such case, the pseudoranges will then be predicted based on the information from the navigation filter, which provides feedbacks for the NCO and then the correlator. The I and Q components can then be generated for the VTL simulation. It is assumed that there are 9 GPS satellites available during the simulation, with the skyplot shown as in Fig. 5.
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Figure 5: Configuration of the skyplot for the simulation

The GPS has a 50 Hz bit rate of navigation data message, thus the predetection integration time is usually the period of a navigation data bit, 20 ms. Performance comparison presented will cover three parts. The first part of investigation deals with performance comparison of VTL based on the discriminator and pre-filter with the data wipe-off algorithm. Fig. 6 shows the code phase and Doppler frequency errors based on the discriminator and pre-filter, for which the integration interval of 75 ms was utilized. In the test, the VTL based on pre-filter demonstrates improved tracking accuracy as compared to that based on discriminator. The second part deals with performance comparison for data wipe-off algorithm with two integration intervals: 1 ms and 25 ms. The GPS receiver with good signal power typically ranges from 35–55 dB-Hz, so the tracking errors generally run on the lower end of the range. The total time of simulation is 45 s, which are divided into three time intervals with 15 s for each. For testing the tracking performance in signal-challenged environment, the second time intervals are assumed to be at low C/No level.
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Figure 6: Code phase and Doppler frequency errors: discriminator vs. pre-filter

Tab. 1 provides the C/No values of the visible satellites in the three time intervals. The C/No levels in the first and third time intervals are set in the normal conditions for signal reception, ranging from 40–44 dB-Hz such that the tracking capability can be assured. However, in the second time interval, the C/No's are decreased to the range from 18–22 dB-Hz. Fig. 7 shows the code phase errors for four of the nine satellites selected for illustration. The receiver is not able to properly track the signals when the coherent integration interval is 1 ms. It can be seen that the blue dots represent the results based on 1 ms integration interval while the green lines denote the results when 25 ms integration interval with DWO algorithm is applied. It can be seen that application of the DWO enables the continuous tracking when longer integration interval is utilized. All the satellite signals appear to lose lock in the second time intervals without extending the time intervals. The continuous tracking of signals is assured with improved accuracy if the integration interval is extended to 25 ms under the low-quality signal environments.
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Figure 7: Code phase errors for four satellites selected for illustration (a) PRN 3 (b) PRN 6 (c) PRN 16 (d) PRN 21
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The third portion of illustration emphasizes on the performance enhancement, focusing on results at the second time interval (15–30 s), where low C/No levels are involved. Results involved include two integration intervals: 75 ms and 25 ms. Figs. 8 and 9 shows the errors of code phases and Doppler frequencies for PRN 3 and PRN 21, respectively. The results for 25 ms and 75 ms integration interval are represented by green and blue lines, respectively. Fig. 10 shows the VTL based position errors. The results based on longer integration interval leads to improved accuracy on code phase, Doppler frequency and thus the positioning accuracy. The RMSE's of the code phases and the Doppler frequencies at the second time interval are summarized in Tab. 2. It should be noticed that when all satellites are polluted, external aiding from other sensors will be helpful, such as the inertial aiding to the tracking loop. The design of ultra-tightly coupled GPS/INS integration also has good potential for overcoming this problem.
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Figure 8: Code phase and Doppler frequency errors for PRN 3 (a) Code phase (b) Doppler frequency
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Figure 9: Code phase and Doppler frequency errors for PRN 21 (a) Code phase (b) Doppler frequency
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Figure 10: The VTL based position errors (a) East (b) North (c) Altitude
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6  Conclusions

This paper presents the design on continuous tracking of GPS signals with data wipe-off method. The decentralized pre-filter based GPS vector tracking loop of a GPS receiver is involved to improve the tracking accuracy. The accumulated energy might be decreased by the possible data bit sign reversal every 20 ms to the integration interval for the GPS L1 C/A signals. To resolve the problem, a data wipe-off algorithm is presented on the basis of pre-detection method to detect data bit sign reversal every 20 ms. Furthermore, the tracking accuracy based on the pre-filter outperforms that based on the discriminator. Tracking accuracy of a weak GPS signal is increased by extending the coherent integration interval. Illustrated examples have been presented and results confirm that the proposed method possesses an advantage to continuously estimate the navigation states with improved tracking performance. Performance improvement can be achieved in the signal-challenged environment. It is especially useful for performance improvement under the low-quality signal environment, by extending the coherent integration interval over 20 ms. Tracking accuracies based on different integration intervals, including 1, 25, and 75 ms, are shown. Results show that the estimation accuracy increases when longer integration interval is employed. The pre-filter based VTL architecture with data wipe-off method demonstrates continuous tracking of GPS signals and shows good potential for the future designs.
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Appendix A. Implementation algorithm for the extended Kalman filter-error state formulation

Nonlinear model:

Dynamicmodel:xk+1=f(xk,k)+wk

Measurement model:zk=h(xk)+vk

Linearized model:

Linearizeddynamicmodel:δxk+1=[∂f∂x]|x=x^k−δxk+wk

Linearized\;measurement\;model:δzk=[∂h∂x]|x=x^k−δxk+vk

-Measurement update

Kk=Pk−HkT[HkPk−HkT+Rk]−1

δx^k=δx^k−+Kk[δzk−Hkδx^k−],where δzk=zk−h(x^k−,k)

x^k=x^k−+δx^k
Pk=[I−KkHk]Pk−
-Time update

x^k+1−=f(x^k,k)
δx^k+1−=0
Pk+1−=ΦkPkΦkT+Qk
where the linear approximation equations for system and measurement matrices are obtained through the relations

Φk=[∂f∂x]|x=x^k−;Hk=[∂h∂x]|x=x^k−

Appendix B. Implementation algorithm for the unscented Kalman filter

-Initialization: Initialize state vector x^0|0 and state covariance matrix P0|0

-Time update

(1)   The transformed set is given by instantiating each point through the process model

ζi,k|k−1=f(Xi,k−1),i=0,…,2n
(2)   Predicted mean

x^k|k−1=∑i=02nWi(m)ζi,k|k−1
(3)   Predicted covariance

Pk|k−1=∑i=02nWi(c)[ζi,k|k−1−x^k|k−1][ζi,k|k−1−x^k|k−1]T+Qk−1
(4)   Instantiate each of the prediction points through observation model

Zi,k|k−1=h(ζi,k|k−1)
(5)   Predicted observation

z^k|k−1=∑i=02nWi(m)Zi,k|k−1
-Measurement update
(6)   Innovation covariance

Pzz=∑i=02nWi(c)[Zi,k|k−1−z^k|k−1][Zi,k|k−1−z^k|k−1]T+Rk
(7)   Cross covariance

Pxz=∑i=02nWi(c)[ζi,k|k−1−x^k|k−1][Zi,k|k−1−z^k|k−1]T
(8)   Performing update

Kk=PxzPzz−1
x^k|k=x^k|k−1+Kk(zk−z^k|k−1)
Pk|k=Pk|k−1−KkPzzKkT
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Table 1: The carrier-to-noise ratio (C/No) for the visible satellites in the three time intervals

PRN number C/No (dB-Hz)

Interval 1 (0-15s) Interval 2 (16-30s) Interval 3 (31-45s)
3 43.5 21.5 43.5
4 43 21 43
6 41.5 19.5 41.5
7 42.5 20.5 42.5
9 42 20 42
16 40.5 18.5 40.5
18 41 19 41
19 44 22 44

21 40 18 40
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Table 2: RMSE’s of the code phases and the doppler frequencies at time interval 2 (15-30 s)

PRN number  C/No (dB-Hz) Code phase (chips) Doppler frequency (Hz)

Integration interval Integration interval

25 ms 75 ms 25 ms 75 ms
3 21.5 0.0375 0.0071 0.6214 0.0395
4 21 0.0410 0.0088 0.6876 0.0446
6 19.5 0.0282 0.0059 0.4834 0.0294
7 20.5 0.0344 0.0071 0.5895 0.0379
9 20 0.0342 0.0068 0.5907 0.0392
16 18.5 0.0297 0.0061 0.4972 0.0298
18 19 0.0399 0.0081 0.6933 0.0412
19 22 0.0320 0.0069 0.5251 0.0334

21 18 0.0430 0.0096 0.7678 0.0487
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