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Abstract

With the advent of global positioning system (GPS) and the increasing expansion of tech-
nology, improving GPS receivers positioning has attracted great attention. When the sig-
nal received by these receivers is weak, receiver functioning becomes impaired. Due to
the existing noise and the presence of Doppler shift in weak signal conditions, the signal
acquisition section becomes problematic and in weak signal conditions or phase lock loop
(PLL), the tracking section design of noise conditions gets difficult. In case of a lock loss
on the signal, the user will not be able to calculate the Doppler frequency and the system
will diverge. Therefore, a robust algorithm for the GPS receiver PLL is very vital. In this
paper, the squared segmented matched filter-fast Fourier transform algorithm is used to
improve the acquisition of weak GPS signals with an average SNR of 15 dB. By using the
matched filter, the SNR is maximized and the code phase estimation will be more accu-
rately. Also, the use of a segmented filter before the FFT reduces the number of FFT points
and therefore, the computational complexity is reduced. To calculate the number of batches
and obtain the best acquisition output, in the proposed algorithm, the system becomes
fuzzy. In tracking section, fractional Fourier transform (FRFT) with the PLL based on
fuzzy Kalman filter (FKF) is used to reinforce it against weak signal environments. The
FRFT is used for estimating frequency and acceleration, and a third-order FKF is used
for designing the PLL. As a result of these changes, the RMSE of positioning is improved
more than 35%.
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1 Introduction

A typical GPS receiver has two basic functions: acquisition and tracking. In the acquisition
section, the approximate values of the carrier frequency and code phase of the received
signal are estimated and in tracking section, more precise calculation of these parameters is
done and satellite navigation information is extracted.

The typical carrier-to-noise ratio (C/NO) value of an ideal GPS receiver ranges from 37
to 45 dB-Hz. In signal fading environments, such as urban and suburban canyons, indoor
situations as well as noisy conditions, C/NO is less than the required value and it makes it
difficult to detect the code phase and acquire GPS signals correctly and then track them [1,
2].

A variety of algorithms have been proposed to solve this problem such as coherent and
non-coherent integration, differential accumulation, wavelet denoising methods, the iner-
tial navigation system (INS) aided algorithms, match filtering, Kalman filtering and fast
Fourier transform (FFT)-based estimation methods [2-7].

In acquisition section, the traditional post correlation detection methods (coherent,
non-coherent and differential detection approaches) try to increase the signal to noise ratio
(SNR) of received signal by extending the integration time, but they fail to recover a noisy
GPS signal with C/NO as low as 15 dB-Hz. Moreover, coherent and differential methods
are limited by navigation bit sign transition and the integration time cannot be extended
more than 20 ms in these methods. In the non-coherent method, the integration time can
be extended more than 20 ms, but this approach suffers from squaring loss and Doppler
effect on code length [2, 8, 9]. Wavelet denoising method has better performance com-
pared to traditional post correlation detection methods and improves the receiver’s sensitiv-
ity instead of extending integration time, but has high computational complexity. By using
INS aided algorithms, the receiver dynamics can be eliminated. However, this approach
has high implementation costs. Finally, matched filtering method has advantages in acqui-
sition speed and hardware complexity, but it is sensitive to Doppler effect and in presence
of Doppler, its ability is decreased or even fails in its functionality [10, 11].

Traditional GPS receivers use tracking loop filters to track satellite signals. For tracking
weak signals, many methods exist such as FFT-based estimation methods, vector tracking
algorithms, Kalman filtering and INS aided tracking methods.

The FFT-based tracking method needs long GPS signal for FFT operation to enhance
the resolution. With the increase of data length, the SNR gain of the FFT operation is atten-
uated which makes existing FFT-based tracking methods not applicable to highly noisy
GPS signals [3]. Vector tracking algorithms do not process signals separately and use a sin-
gle Kalman filter to simultaneously track the GPS signals and estimate the user position in
the time domain. These algorithms are functioning at lower SNR than traditional tracking
algorithms, but have high computational complexity and implementation costs [12].

In many scenarios, the navigation filter is assisted by INS to improve the tracking per-
formance. The receiver dynamics can be eliminated by this method. Since the tracking
loops no longer have to track the receiver dynamics, the greater noise rejection is allowed.
Despite this benefit, inertial measurement units (IMU) suffer from the problem that their
errors are accumulative over time. Once the error becomes large enough, it could interfere
with the tracking loop and therefore the signal tracking fails [3, 13—15].

In this paper, in the acquisition section, a parallel method called squared segmented
matched filter-fast Fourier transform (SSMF-FFT) is presented in which the hardware com-
plexity has diminished due to the reduction in the size of the FFT block. Moreover, in the
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presence of Doppler, it is a good solution to find the frequency offsets. In the SSMF algo-
rithm, a SSMF is used to acquire the code phase and FFT is used to acquire frequency. We
used a fuzzy system to calculate the number of batches in the SSMF algorithm.

Also, in the tracking section, the fractional Fourier transform (FRFT) and fuzzy Kalman
filter (FKF) are used for reducing carrier phase, frequency, and acceleration error.

This paper is organized as follows. In Sect. 2, the GPS receiver structure is briefly
reviewed. In Sect. 3, the proposed algorithm is described. In Sect. 4, the fuzzy SSMF-FFT
algorithm and their relationship in the signal acquisition section are expressed. In Sect. 5,
the detection probability and the minimum amount of SNR required for detection in differ-
ent situations are calculated. In Sect. 6, the FRFT and the proposed FKF in signal track-
ing are investigated. In Sect. 7, simulation results and their analysis are presented and in
Sect. 8, the conclusion is drawn.

2 GPS Receiver Structure

Finding the user’s location by using the GPS receiver requires a deep insight into the struc-
ture of the GPS signal and understanding how the relevant measurements are performed.
Each GPS receiver includes two hardware and software sections and the hardware section
is called the front-end [16].

The main purpose of the front-end components is to prepare the received signal from
the antenna for sampling in the analog-to-digital converter. It is performed by local ampli-
fiers, filters, and oscillators. The software section consists of three parts: acquisition, track-
ing and navigation, as shown in Fig. 1 [17].

The purpose of the acquisition is to get approximate values of the carrier frequency and
code phase of the signal sent from the satellites in line of sight. GPS signal acquisition is
a prerequisite for tracking and positioning. Generally, signal acquisition in both serial and
parallel modes are used. Parallel searches are divided into two groups of searching in the
frequency space and searching in the code phase space [3, 18].

In the tracking section, on a more precise calculation of the code phase and the car-
rier frequency, these parameters are continuously estimated for the satellites in the line of
sight and finally satellite navigation information is extracted. The code track loop output is
a code sequence that its phase exactly matches the input signal phase. So, in general, the
tracking section can be considered as two acts. One is the production of a carrier with a
suitable frequency and phase, or carrier tracking, and the other is the generation of code
with the matched phase or code tracking.

Antenna

Hardware Part Software Part

3>—(Q-{re |

Oscillator

Acquisition —4 Tracking | Navigation

Fig. 1 Block diagram of the GPS receiver
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In this paper, in the acquisition section, a parallel method called SSMF-FFT is pre-
sented in which the hardware complexity has been diminished due to the reduction in the
size of the FFT block and in the presence of Doppler, it is a good solution to find the
frequency offsets. We also used a fuzzy system to calculate the number of batches in the
SSMF algorithm.

In tracking section, the FRFT and FKF are used for reducing carrier phase, frequency
and acceleration error.

3 Proposed Algorithm

In this paper, to improve the acquisition of GPS signals in weak signal conditions with an
average SNR of 15 dB, the SSMF-FFT algorithm has been used for the sake of tracking
split square filter, code phase and offset frequency of Doppler effect.

The proposed algorithm is shown in Fig. 2. The blue blocks represent a signal acquisi-
tion process and green blocks represent a tracking process. In this architecture, the NCO1
is used for initial signal de-modulation and it maintains the oscillation frequency after sec-
ondary demodulation.

NCO?2 is used for the secondary de-modulation of the signal, to which the tracking sec-
tion is related. The phase discriminator detects the remainder of the secondary de-mod-
ulation phase. At the end, the Kalman filter assembles the phase error of the carrier and
provides the ring tracking feedback. In this diagram, the blue blocks and the green blocks
are related to the signal acquisition and signal tracing, respectively.

4 Signal Acquisition
In this section, the proposed algorithm for acquiring GPS signals is introduced.

4.1 GPS Signal Structure

The signal of each GPS satellite with the C/A code on the L1 band can be expressed as
follows:

» Code NCO‘

l—‘ Carrier NCO2

| B | Iﬁ

Phase Discriminator —*
f : Fuzzy
Kalman —

Filter
. W e oo

J

Fig.2 The proposed algorithm
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S(t) = VAC()D(1)e> () +00 4 () (1)

where A is the average signal strength, f, is the Doppler frequency shift,¢, is the carrier
phase, n(f) is the white Gaussian noise and f, is the carrier frequency which is equal to
1575.2 MHz, modulated by digital C/A codes and navigation data D(#). C/A code contains
1023 chips which is repeated every 1 ms throughout the length of the code; so that the
rate of this code is 1.023 MHz. Chips are 0 and 1 as bits, but since they do not contain any
information, the word “chip” is used.

4.2 Matched Filter

Using the Matched Filter (MF), the SNR can be maximized, and as a result, target detec-
tion is maximized. The MF can be used to perform acquisition in weak signal environ-
ments [19-21]. For a signal such as S(#) whose noise is n(¢), the MF requires a filter h(?),
which maximizes the output SNR [22-25]:

The relations of Fig. 3 are:

So(®) = S(2) * h(1) 2)

ny(t) = n(t) * h(r) 3)
In which (¥) performs convolution [25, 26]:

I 180 dt
N(f)

The MF, by correlate the received and local signal, increases the SNR level, but it’s
sensitive to the Doppler shift, and does not have functionality in its presence. Doppler
shift causes the frequency mismatch between the carrier used in the receiver and the
carrier of the received signals. This sensitivity depends on the amount of Doppler shifts
and the length of the MF. For this reason, the GPS receiver must divide the MF into
different parts to calculate the Doppler code phase. The attenuation resulting from the
output of the MF, due to the Doppler effect, can be expressed as follows:

SNRyax = “)

Sin(zjtdec Tch)
L) == a7 )
27rdecTL'h
In this equation, f; is the Doppler frequency, T, is the length of the chip code length

and N, the length of the code. In following sections, the amount of attenuation resulting
from the segmented matched filter (SMF) and SSMF will be investigated [27-30].

Fig.3 Block diagram of MF S(t) So(t)
e h(t) —
n(t) no(t)
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4.3 SSMF-FFT Fuzzy Algorithm

The data received from the satellite is a long signal, and the C/A code contains 1023
chips, which each millisecond is repeated in the entire length of the code. First, we
multiply the signal in a local carrier to remove its carrier. Then, the shifted signal and
the local C/A code are divided into several batches, and the corresponding batches are
multiplied in each other, and their correlation is calculated. For specifying the number
of batches, a fuzzy system is used. Figure 4 shows the fuzzy logic system structure [31].
As shown in this figure, the inputs of the proposed fuzzy system are batches length (D)
and the input signal SNR, and the output is the number of batches for the SSMF-FFT
algorithm to obtain the best output in the acquisition. Given the amount of variation
within the batch length, its value is obtained experimentally. Figures 5 and 6 show the

SNR r Knowledge base —l

Fuzzification Defuzzification | ——M=

e |

Inference Engine (mamdani)

Fig.4 Proposed fuzzy system for specifying batches number
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Fig.6 Output memberships

@ Springer



Improving GPS Receivers Positioning in Weak Signal Environments... 1563

Table 1 The fuzzy systemrules  pong SD (small)  MD (mediocre)  HD (high)

WSNR (weak) HX MX SX
MSNR (mediocre) HX MX SX
GSNR (good) HX MX SX

input and output membership functions in the fuzzy system. Table 1 shows the rules
used in the fuzzy system.

The centroid method has been used as defuzzification strategy. The definite output is
obtained by using Eq. (6):

5o iy viu(y:) ©
Zuv)

In this equation, n is the number of fuzzy output sets, y; is the numeric value of the output
of the ith membership function, and u (yl-) denotes the membership value of the fuzzy function
for y,. Figure 7 shows the output of the fuzzy system.

Figure 8 shows the algorithm of the proposed method in the signal acquisition section.
Equation (7) shows the kth SMF output:

M(k) = VPDK)e>a+20 4 (k) @)

Sometimes, the navigation bit sign transition is inevitable and causes errors in SMF com-
puting. The SSMF method is used to fix this problem and increase the power of visible satel-
lites. In this way, the square of each SMF output is calculated and new D points are generated.
New D points are described by the Eq. (8):

o) = M*(k) ®

Fig.7 X values obtained from the fuzzy system
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Fig. 8 Proposed SSMF-FFT algorithm in signal acquisition

By determining the peak, the code phase and the Doppler frequency are obtained.
Finally, in order to accurately determine the Doppler frequency from the FFT result, the

following procedure is performed.

Since the output of SSMFs are D-points, consequently at the FFT output, D points
are obtained. The first D/2 samples represent the frequency range from O to f,/2. So, the

frequency resolution is equal to:

Af =

ST ST
|

As a result, the frequency of the kth point is expressed as Eq. (10):

kf,
fk=kAf=§

(€))

(10)

In the SMF, the amount of attenuation that is imposed by Doppler effect and parti-

tioning of the filter is obtained from Eq. (11):
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2 N 2
: 27kf, T 2r(k — Df,T,
L) = (=) & 3 (sin (22aleoe ) _ g (2262 WaTeose ) )
Z”fd Tcode k=1 X X
where X is the number of segments, T,,,, is the length of the code and f, is the Doppler
frequency. In the SSMF, due to squaring, the signal will be less weakened.

5 Detection Probability and False Alert Probability

Two important parameters in the acquisition section are the detection probability and false
alert probability. The false alert probability is possibility of exceeding the noise from threshold
level and then an unreal purpose is revealed. The detection probability is possibility of exceed-
ing the signal from threshold level. These probabilities are function of each other and the level
of the SNR. In this paper, the likelihood ratio test (LRT) detector is used in the receiver. Theo-
retical relations for the detection probability and the false alert probability for the LRT detec-
tor are expressed as follows:

P, = / pydz (12)
Vt

Py = /pndz (13)
V1

where V, is the threshold, p (z) is probability density function (PDF) of noise in the pres-
ence of signal with non-zero mean, p (z) is PDF of noise in the absence of signal with a
zero mean, P, is the probability of detection and Py, is the probability of a false alert. The
following relations are used to calculate PDFs:

j4 _(122192) ZA
p@=q ¢ " " ’O(U‘s>’ @20 (14)
0, z2<0

2
P2 = Se (%) (15)
o-n
In the above equations, z is the random variable, 0'3 is the noise power, A is the signal
amplitude and I, < :—2 ) is the zero degree modified Bessel function.

_<Vi)

py=e (16)
2

Vo= G (1= ) a7
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1 1
Pd=1—FX§<mFX§ (1—Rfa)> (18)

where F;zl is the inverse Chi squared distribution function with two degree of freedom. The
2
SNR in the GPS receiver detector is obtained from Eqgs. (19) and (20):

P2
SNR; = 27"2[ (19)
SNR, = (L( d)GMF|SMF|SSMF/q) * SNR; (20)

where SNR; is the SNR before the detector, P is the signal power and L( d) is the attenua-
tion value obtained in the detector, due to the Doppler effect and the separation of the filter.
Gyrisurissur 18 the gain of MF, SMF or SSMF and q is a parameter which is dependent on
the type of used code. For C/A code, g =N,. The probability of false alert in MF relations
equals P, = 1075. In the detector, threshold value for Py = 1070 is equal to 108, which
corresponds to the theoretical value in Egs. (14) and (15) [27-30].

6 Signal Tracking

As mentioned before, in the tracking section, the phase lock loop (PLL) locks the carrier
phase of the GPS signal and its design is difficult in weak signals and noisy environments.
In case of losing lock on the signal, the receiver will not be able to calculate the Doppler
frequency and the system will diverge. Therefore, a robust algorithm for the GPS receiver
PLL is very vital. To improve tracking, a Kalman filter-based PLL has been used to rein-
force it against weak signal environments. To be able to separate navigation information
from the received signal, we need to produce a local transcript of the carrier-quite similar
to what we get on the incoming signal. To do this, usually a PLL or a frequency locking
loop (FLL) is used. Since the carrier frequency is much more than the frequency of the
code, so the Doppler frequency has greater effect on the carrier. In this paper, our focus
will be on strengthening the PLL.

6.1 Fractional Fourier Transform

FRFT is generalized from ordinary Fourier transform. First time in 1980, Namias intro-
duced FRFT as an instrument for second-order Hamiltonian solution in quantum mechanic
systems. Nowadays, it is used as a mathematical tool in signal processing and optic. Sup-
pose u = u(x,y) is a signal in special domain and F{u} = U(f+,)is ordinary Fourier trans-
form of u. It means that:

+00 +00

F{u) = / / u(x, y)exp(=2xi(f,x +f,y) ) dxdy (1)

—00 —00

@ Springer



Improving GPS Receivers Positioning in Weak Signal Environments... 1567

FRFT with o order is defined by F*{u} = U,(f,+/,) that fx,y expresses the domain
between time and frequency. FRFT is defined with the help of the kernel K, as:

1—jcot 2 4u? .
. /%epr ;” cota —]utcsca>, a #nm
T

Ka(t’ M) = 5([ — u), a = 2}’177.' (22)
6(t + u), a=02n+m

\/1 — jeota _ \/ —je.’“ (23)
2 2rsina

Therefore, the FRFT of signal S(¢) is defined by Eq. (24):

where in it:

+oo
Spu) = {Fpls(t)]} = _/ Kp(t, u)s(t)dt (24)

where P is order of FRFT, @ = Pz /2 is rotation angle and Fp[s(f)] is Fourier transform
operator. When we have P =4n + 1, a = 2nx + n /2, signal alters from time domain to
frequency domain and FRFT operates like an ordinary Fourier transform. Whatever the
FRFT rotation angle is more suitable, the signal energy is more concentrated. Therefore,
a peak in fractional Fourier domain is produced. FRFT searches the peak in a two-dimen-
sional space. The calculated acceleration and frequency should be followed by the relations
below:

Ja< A7 (25)
a, < 1 26

where h = 5.2550Hz.s/m and T = DAt. That At is integration time and D is FRFT batches
length [3]. The Doppler frequency and acceleration resulted from FRFT are the inputs of
the FKF.

6.2 Kalman Filter-Based PLL

Kalman filter is one of the most widely used tracking methods. In this filter, it is assumed
that the model of the system and the observations are linear and noise vectors of state and
observation are Gaussian and independent of each other, state and observation. This filter
uses a recursive filtering method for systems with linear time invariant state equations and
ideal is optimal and efficiently computable for these systems. The PLL tracking function is
affected by several factors, including SNR, thermal noise and so on. So, a solution to this
problem is to use the Kalman filter which makes the input of the numerically controlled
oscillator (NCO) less noisy. The Kalman filter relations are expressed as follows:

Xy = Axk_l + Buk + Wi_1 (27)
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Input Signal

Kalman Filter ‘E{ Phase discriminatm'
L

Fig.9 Costas loop with second-order Kalman filter

7 = Hxp + v (28)

In which x is the state vector, z is the measurement vector, A is the state transition
matrix, B is the control matrix, u is the control vector, H is the measurement matrix and w,,
and v, are observation noise and measurement noise, respectively. The distribution of nor-
mal probabilities is according to the following relationships:

pw) ~N(0, Q) (29)

p(v) ~ N(0,R) (30)

In the above equation, Q is the observation covariance matrix and R is the measurement
covariance matrix [32, 33]. The block diagram of second-order Kalman filter-based PLL
for tracking the signals is shown in Fig. 9.

The discriminator used in this method is expressed according to Eq. (31):

a5 Fuzzy Logic Controller
af (FLC)
_da .Q lp
IF Signal Kalman Filter - Phase Discriminator
T | i |
el 2 fd a QP

Fig. 10 Costas loop with third-order FKF
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Observation Noise —— Knowledge base
A | r A
Fuzzification Defuzzification Alfa
Measurement Difference
Inference Engine (mamdani)
Fig. 11 The block diagram of fuzzy system used in tracking section
9
T =arctg| — (31
L
The used Kalman filter relationships are:
X = As 32
|1 Ao ( )
110 N 13
2= 101 (33)

where AJ is the carrier phase error and Ad is the carrier frequency error. In Fig. 10, another
block diagram for calculating phase, frequency and acceleration error in low SNR condi-
tions using third-order FKF is presented. According to Fig. 10, acceleration and frequency

that are computed by FRFT along with phase error enter the Kalman filter.
The used Kalman filter equations in suggested method are expressed as follows:

SA MA BA SB MB 1B
! A / N\ ! 3 P \
/' \ 7\ /N N
/N / N 3
/ \ / \
Gy . / U / . 3
\ / \ 7 X Y,
Vi \ / \ / / \
/ \/ N , AN
/ X £ 3 / N
" ) \ N,
20 25 30 35 10 45 50 55 60 0 20 40 60 80 100 120 140
input variable “A” input variable “B”
Salfa Malfa Balfa
\\ / 3 N //' E \
\\ / N \\
/ 7 N
5 \ y, \
9 / \ / . N
/ \/ L. \
/ AN\ 7 .
/ /" \ N\ %
of \
2 4 6 8 10 12 14 16 18 20

output variable “alfa”

Fig. 12 Inputs and output membership functions of fuzzy system in tracking section

@ Springer



1570 M. Heydarnia et al.

Table2 Fuzzy system rules in AB SA (small)  MA (mediocre)  HA (high)
tracking section
SB (small) Salfa Malfa Halfa
MB (mediocre) Malfa Malfa Halfa
HB (high) Malfa Halfa Halfa
00
x=|of (34)
da
010
L= [0()1]x (35)

where 05 is phase error, df is frequency error and 0a is acceleration error. Q is derived from
fuzzy system. The proposed fuzzy system inputs are observation noise and measurement
difference and alpha is the output that scales Q matrix for reducing tracking error (Fig. 11).
The membership functions are presented in Fig. 12. Table 2 shows the rules used in the
fuzzy system.

The definite output of fuzzy system is according to Eq. (6). Equations (36) and (37) are
fuzzy system inputs.

A=z - Hx, (36)

B=z 2z 37
We extract a factor from the fuzzy system that scales Q matrix based on Eq. (38):

Qnew = alfa X Qold (38)

Fig. 13 The test setup for data collection
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Fig. 14 The detection probability of GPS signal using MF/SMF/SSMF with f,=4 kHz
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Fig. 15 The detection probability of GPS signal using MF/SMF/SSMF with f,=12 kHz

7 Simulation Results

In this paper, all simulations are done by Matlab software. We examined the proposed
method with two static datasets in a weak signal environment. The test setup for data col-
lection is shown in Fig. 13.

The characteristics of the datasets are as follows. The chip rate of the used C/A code
is 1.023 Mchip/s, the number of chips in each period of the sequence are 1023 chips, the
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Fig. 16 The detection probability of GPS signal using MF/SMF/SSMF with f,=19 kHz
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Fig. 17 Doppler attenuation curve in MF, SMF and SSMF methods

carrier frequency is 1575.42 MHz, the IF frequency is 1.4 MHz and the sampling fre-
quency is 4 MHz. The maximum Doppler frequency range is 45 kHz. All processing was
done on a laptop Acer 5750G with core i5 2 GHz CPU.

In the first part of the test, the detection probability of GPS signal using MF, SMF
and SSMF methods is compared. It can be seen in Figs. 14, 15 and 16 that, in order to
have a definite detection probability in the filter, by increasing the Doppler frequency,
the required SNR is increased. As you can see, in SMF and SSMF methods, less amount
of SNR is required to detect the same target.
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Fig. 18 Satellites in the receiver’s view for the first data: a the conventional method and b the proposed

method

For example, to have a detection probability of 0.9 in the Doppler frequency of
19 kHz (according to Fig. 16), signal-to-noise ratios in MF, SMF and SSMF methods

are 60 dB, 50 dB and 22 dB, respectively.

In Fig. 17, Doppler dipole curve is plotted for MF/SMF/SSMF. It is observed that by
increasing Doppler frequency, the amount of attenuation in the MF increases and the
curve is completely descending. In SMF and SSMF methods, the Doppler frequency has
less effect on the curve. In Fig. 17, the maximum Doppler frequency is 20 kHz.
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Fig. 19 Satellites in the receiver’s view for the second data: a the conventional method and b the proposed
method

It should be noted that in non-Doppler conditions, the MF gain is better than the
SMF and SSMF. This is due to the division and reduction of code correlation in SMF
and SSMF. It is observed that the MF fails to function in the presence of Doppler. In the
SMF method, the Doppler effect is less than the MF, but it has a higher attenuation than
the MF method. The SSMF method has less attenuation than the SMF method and its
sensitivity to Doppler has decreased.

In Figs. 18 and 19, satellites that can be seen after acquisition by the SSMF-FFT and
the conventional method for SNR =15 dB are shown. When the power of the satellite is
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Fig.20 Carrier phase error for satellite 19 in the first data: a without applying Kalman filter and b after
applying Kalman filter
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Fig. 21 Carrier frequency error for satellite 19 in the first data: a without applying Kalman filter and b after

applying Kalman filter
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Fig.22 Carrier phase error for satellite 21 in the second data: a without applying Kalman filter and b after
applying Kalman filter

more than the threshold, the satellite is visible and shown in green; otherwise, the satel-

lite is invisible and shown in blue.
In the tracking section, we reduced the SNR to 12 dB, and the proposed method worked

well. Figure 20 shows the carrier error in the first data for satellite 19 by applying the

Kalman filter and without applying the Kalman filter.
As can be seen, the amount of carrier phase error has been reduced by applying the

Kalman filter. Figure 21 shows the carrier frequency error in the first data for satellite
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Fig. 23 Carrier frequency error for satellite 21 in the second data: a without applying Kalman filter and b
after applying Kalman filter
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Fig. 24 Frequency error for satellite 19 in the first data with SNR=12 dB: a after applying Kalman filter
and b after applying FKF
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Fig.25 Acceleration error for satellite 19 in the first data with SNR =12 dB: a after applying Kalman filter
and b after applying FKF

19 after applying the Kalman filter and without applying the Kalman filter. As can be
seen, by applying the second-order Kalman filter, the amount of dispersion and the vari-

ance of the output error have decreased.
Figures 22 and 23 show the existence and absence of a second-order Kalman filter for

second data. In this data, after applying the Kalman filter, the tracking error is reduced.
Figures 24 and 25 represent the frequency error and acceleration error for first data,

before and after third-order FKF.
Figures 26 and 27 represent frequency error and acceleration error for second data,

before and after applying third-order FKF.
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Fig. 26 Frequency error for satellite 21 in the second data with SNR =12 dB: a after applying Kalman filter
and b after applying FKF
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Fig.27 Acceleration error for satellite 21 in the second data with SNR=12 dB: a after applying Kalman
filter and b after applying FKF
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Fig. 28 The position obtained from the first data: a the conventional method and b the proposed method

Figures 28 and 29 show the output of the navigation section containing position

information.
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Fig.29 The position obtained from the second data: a the conventional method and b the proposed method

Table 3 The variance of carrier
phase error (degree) in the signal
tracking section

Table 4 The variance of carrier
frequency error (Hz) in the signal
tracking section

Table 5 The variance of
acceleration error (m/ ¢2) in the
signal tracking section

Table6 The RMSE of
positioning

@ Springer

Method First weak signal data Second
weak signal
data

Kalman filter 9.9%107 4.9%1075

Fuzzy Kalman filter 8x 1073 3.8%x107°

Improvement (percent) 23.75 28.94

Method First weak signal Second

data weak signal
data
Kalman filter 0.046 0.061
Fuzzy Kalman filter 0.034 0.043
Improvement (percent) 26.08 29.50
Method First weak signal data Second
weak signal
data
Kalman filter 4.25%107 4.47%x107%
Fuzzy Kalman filter 3.10x1077 321x1078
Improvement (percent) 27.05 28.18
Method First weak Second
signal data weak signal
data
Without applying suggested method 74.66 89.15
With applying suggested method 48.39 51.63
Improvement (percent) 35.18 42.08
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As can be seen, all evidence suggests that the proposed method works better than
traditional methods. Tables 3, 4 and 5 show the variance of carrier phase, frequency and
acceleration error, before and after applying the FKF, respectively.

According to Tables 3, 4 and 5, the tracking error variance has been appreciably
reduced by applying FKF. In Table 6, we investigated the positioning root mean square
error (RMSE) for two data before and after applying the proposed algorithm. It is seen
that the RMSE is lowered and positioning is done better.

8 Conclusion

In this paper, in acquisition section, a method for improving the acquisition of satellite sig-
nals in GPS receivers based on the SSMF-FFT algorithm was proposed. We used a fuzzy
system to calculate the number of batches. The proposed method had a good yield to com-
pensate the Doppler effect and reinforce receiver in weak signal conditions. The SSMF was
easy to implement and had a good performance and accelerated the acquisition speed. In
tracking section, for decreasing tracking error in weak signal conditions, a method based
on FRFT and FKF was proposed. Simulation results on two weak signal data indicated that
acquisition and tracking were done better and the user positioning error improved more
than 35%.
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