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Abstract - The signal acquisition stage of éPGreceiver detects BS satellites in view and
provides coarse estimate of the&signal Doppler frequency shift and code delay for use by the
tracking loops. The accuracy of the signal acquisition has a direct influence on the tracking
performanceThe imgementation of a 8Ssignal acquisition algorithm requires compromising
between acquisition frequency resolution improvement and reduction in acquisitionAtime.
high-resolutionfine acquisition method is proposed to acquire the carrier frequency acgcuratel
after the completion of the coarse acquisition of the GPS signals. The proposed method uses
GramSchmidt orthogonalization to provide robust spectral estimation of satellite Doppler
frequency with less computational time. The performance of proposedanethevaluated
against of the computational lo&m GPS L1signal Its performance was compared to the state

of the art FFT and zefpadding FFTbased fine acquisition algorithms. The experimental results
showed that the performance of the propasethod outperformed existing methods and it had
sufficient acquisition accuracy for its application in the real world.
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1. Introduction

Satellitebased navigation and positioning technolbgg become an essential and
significant tool for localization, navigation, tracking and timing applications.
Nowadays,Global Positioning SysteniGPS receiver chips are found in most
smartphones, personal navigation devices, digital cameras, smart wataches
portable tracking devices. These products differ in design and functionality but
they all rely on batteries to operate. One way to maximize the operational field life
of batteries is to reduce the computational time and calculation complexity of the
signal processing algorithms implementedide the GPS receiver(Tokarz and
Dzik, 2009)

Users utilize the 8Sequipped mobile device in a diversity of environments such
as open sky, forest, rural, suburban and urban canyon. When the receiver is
challenged to acquire the GPS satebigmal, it consumes larger amounts of power

in the acquisition and racquisition signal processing modui®4a et al., 2012)



Therefore, an accurate, reliable and corapanally efficient acquisition algorithm
becomes critical for limited resource navigation applications.

The signal acquisition ighe first signal processing@peration performed by the
receiver. The purpose of the acquisitidage is to detect the sattdl pseude
random noise (PRNph view and provide a rough estimation of the code delay and
the Doppler frequency of the incoming signallhe acquisition process is
performed by orrelating the incoming signals with local replica for each PRN
code acrossllapossible combinations of code delay and Doppler shifice a
satellitesignal is detected, the necessary parameters can be obtained and passed tc
the signal tracking proceg3sui, 2000) Thus the signal acquisition is time-
consuming procedure inside the GPS receiver and its accuracy Hasct
influence on the tracking performance.

In order to improve the accuracy of the acquisition, two approaches have been
widely addressed in the littiure(Akopian et al., 2001, Tang et al., 2012, Wang et
al.,, 2013) The first approach correlates long data in one step. This approach
comprises both the time domain correlation and the circular correlation in the
frequency domain. Since the acquisition time signifilgarincreases with
increasing data length, the heavy computational load is one of the major
disadvantages of the one step approach.

The second approach, known as codosine acquisition method, consists of two
stageqTang et al., 2012)The first stage uses short data to coarsely estimate the
code phase and the carrier frequency of the leisslatellites. The second stage
strips off the Coarse/Acquisition (C/A) code from the correlated data and uses long
C/A code stripped data to accurately estimate the carrier frequency. Since the
second approach is faster and more accurate than the onapgi@ach, it is
commonly implemented in both hardware and software GPS receivers.

There are several types of the second approach in the lite(Akopian et al.,

2001, Tang et al.,, 2012, Wang et al., 2018) types are common in the first
coarse estimate stage, which uses a short length of data to remove the navigation
data transition effect. However, the fine acquisition stage differs from one type to
another. The first typdepends on the caen phase difference but it is subjected to
ineffectiveness in case of weak GPS sid®algiraju et al., 2001Yhe second type
utilizes the Fast Fourier transformation (FFT) although it has a heavy
computational load when using prdata (Molino et al., 2008) Another fine
methoduses thd~requency Lockd Loop (FLL), however, the FLL needs time to
become steadipefore the transition of the FLL to thfhaselLockedLoop (PLL)

(Tang et al., 2012)



2. Problem Statement

Generally,the width of the tracking loop is only a few hertz. Thus, using the FFT
to find the carrier frequency is not a suitable apprdashi, 2000) The reason is

that in order tofind 10 Hzresolution, a data record of 108 is requiredIn
addition, if the sampling frequency is 5MHz, then the 100ms of data contains
500,000 data pointsyhich is very time consuming for FFAperation. Besides, the
probabilty of having phase shift in 168 of navigation data is relatively high.

3. Research Objectives

We introduce digh-resolutionfine acquisition method based on orthogonal search
to improve the acquisition performance of tBlwbal Navigation Satellite System
(GNSS receivers. This method provides robust spectral estimation of satellite
Doppler shift with less computational time and complexity. In addition, it adds
several spectral estimation capabilities to the limited reso@NSS receivers
including high frequency resolution, elimination of spectral leakage and operation
in challenging environments.

4. Acquisition Methodology

The purpose of the acquisition process is to get initial estimate of the Doppler
frequency and code kg of all the satellites in view. All the acquisition
techniques used inside the GPS receivers described in lite(@sieki, 2001b,
Principe et al., 2011, O'Driscoll, 2007, Borio, 20@8¢ based on the maximum
likelihood estimation theory. As shown HKigure 1, the acquisition operation is
based on evaluating and processing the Cross Ambiguitytibar{CAF), which is
evaluated the correlatioR(!) between the received signal and each PRN code
across all possible combination of local code offset and Doppler shift. The CAF
can be defined g8orio, 2008)
by =l
|
NG =!!'—I!Z [nllc! ! FI0# {Nalfi + 7101, (1)

) [
where! | is the coherent integration tinie milliseconds for GPS signal]! | is
the received signal,[n! T] is the local replica reproducing the C/A cofieand
I, are the code delay offset and the Doppler shift, respectively, tested by the
receiver.
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Figure 1: Block diagram of the GPS signalacquisition

Once the CAF is evaluated, the maximum absolute valueeofeulting CAF is

then compared to a podefined threshold to make a decision regarding the
presence or absence of the searched saigliriscoll, 2007)

The effects of Doppler shift and code delay residuals e studied in the
literature(O'Driscoll, 2007, Borio, 2008, Foucras et aD]12). In the presence of a
residual of Doppler shift and code delay, the correlator output in the absence of
noise, can be shown gBoucras et al., 2014)

G !!—!!0"# 0!—!)!!”0%!!!"! 2)
where! ! is the carrier frequency residual error (i'e.! !, ! I,) and!" is the
code delay residual error (i. ! !'! ). As shown in (2), the negative effects of
the frequency offset on the correlation output are twof@eéiger and Vogel,
2011) First, a constant phase rotatiod ! (! , ! !)!, is presented. Second, the
power of the correlation peak is attenuatedrzyeasing the frequency difference
between the receivezhrrier and the local replica.

5. Fine Acquisition Techniques

The frequency resolutiolnom the coarse acquisition process may be too rough for
the tracking loopsg(Tsui, 2000)and may eventually lead to poor positioning
accuracy. Therefore, the fine acquisition stage isireduo enhance the estimation

of the carrier frequency once the initial code is wiped off from the carrier signal;
after the coarse acquisition process is completed. The fine tuning stage can
improve the initial estimated Doppler shift within a few teh$ia (Zeng and Li,
2010) This improvement will speed up the convergence of the FLL in order to
correctly lock the carrier frequenéwang et al., 2013)

There are several fine acquisition algorithms reggbih the literaturéAkopian et

al., 2001, Tang et al., 2012, Wang et al., 2008)e of these methods distinguishes
two different carrier phases in order to find the fine carrier frequency, which
requires the phase difference to be less tHar{Psiaki, 2001a) This method is
limited in case of weak GPS signals. Z&adding FFIbased fineacquisition is



another metho@Borre et al., 2007)Unfortunately, it increases the number of FFT
data points to improve the spectral resolution which in turn contributes to higher
computational complexit{Babu et al., 2011)

6. Proposed Fine Acquisition Method

After the coarse acquisition is accomplished, a new fine acquisition method is
proposed here to improve the carrier frequency accuracy furtherfldwchart of
the proposed algorithm is shownRigure?2.
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Figure 2: Flowchart of the proposedfine acquisition algorithm

The code phase and the carrier frequency are obtained from the coarse acquisition.
Our methods strips off the C/A code phase from the carrier sigvalset the

initial frequency!ws to be equal to the acquired carrieeduency by the coarse
acquisition!, . We then generate a set of sinusoidal candidate functions, which are
pairs of cosing, (! ) and sind, ,, (! ) terms at each of the frequencies range of
interest. The candidate functions are given by

L)L 3
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wherem = 1,2,E, K, !, is the digital frequency of the candidate pair &nig the
number of candidate pairs.
In this research, the Doppler shift range of interest is typically set around the
estimated Doppler shift acquired from the coarse acquisition stage as illustrated in
Figure 3. The estimated Doppler shift is then considered the midpoint of a range

that spas from! !'! to!! with a total range of two coarse acquisition steps
(i,e! ! I'1). The Doppler shift range of the proposed method is defined as:
pr e b, Do bl (4)

where! ! is the coarse acquisition Doppler shift step.

The candidatdrequencies of the proposed method are chosen to have a higher
resolution than the FFT to achieve bettemdesing performance. The frequency
resolution of the FFT can be given by

FFOrES%E(S) ! 1y (5)
wheref, is the sampling frequegi@nd N is the number of points in the record.

For this research, the frequencies candidate function spacing is typically set in the
order of one tenth of the FFT resolution for each segment.
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Figure 3: Relation of the proposed methodOs spectral search space to the 2D search space of the coarse acquisition

An orthogonal search algorithm based on Fast Orthogonal Search (FOS)
(Korenberg, 1989, Adeney and Korenberg, 1994, Chon, 280then utilized to
provide both reliable and $aacquisition of GPS signals.

The FOS algorithm uses an arbitrary set of-nghogonal candidatéunctions

I, (1) and finds a functional expansion of an input! in order to minimize the
mean squared error (MSE) between the input and the functiqrerhgon.



The functional expansion of the input!! in terms of the arbitrary candidate
functionsP, (1) is given by:

!(!)!!Z!m!m(!)!!(!) (6)
m! 0
where!, is the weights of the functional expansion, arftl) is the modeling
error.
By choosingnonorthogonal candidate functions, there is no unique solution for
(6). However, the FOS method may model the input with fewer model terms than
an orthogonal functional expansion. For example, in the conventional fine
acquisition methods, which are basedFFT, the FFT uses a basis set of complex
sinusoidal functions that have an integral number of periods in the record length
(Chon, 2001) For the FFT to model a frequency that does not have an integral
number of periods in the record length, energy is spread into all the other
frequencies, which is g@henomenon known as spectral leakage. By using
candidate functions that are northogonal, the proposed method may be able to
model this frequency between two FFT bins with a single term resulting in many
fewer weighting terms in the modghon, 2001)
The FOS method begins by creating a functionpbesion using orthogonal basis
functions such that:
|
!!!!!!Z!!!!(n)!e(!) 7)
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The GranbSchmidt coefficients » and the orthogonal weights,, can be found
recursively using the following equatiofisorenberg, 1989)
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In its last stage, the FOS method calculates the weights of the original functional
expansion ,,,, from the weights of the orthogonal series expansign,The value

of !, can be found recursively using
!

| Z!"!i (15)
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where! ,, ! 1 and
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From @), (10), (12) and (B) it can be noted that the FOS method requires the
calculation of the correlation between the candidate functions and the calculation
of the correlation betweethe input and the candidate functions. The correlation
between the input and the candidate funcii¢h)!p, (!) are typically calculated
pointby-point once at the start of the algorithm and then stored for later quick
retrieval.
The MSE of the orthogoh&unction expansion has been shown tqAdeney and
Korenberg, 1994)

!!(!)!!!!!!!!!Z!;!f!!! (17)
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It then follows that the MSE reduction given by th® candidate function is given
by:

I IR TNRE T  (NEI T (18)
The FOS method can fit a model with a small number of model terms by fitting
terms that reduce the MSE in order of their significance.
The proposed method is stopped in on¢hode cases. The first is when a certain
maximum number of terms are fitted. The second case is when the ratio of MSE to
the mean squared value of the input signal is below -agfieed threshold. The
third case is when adding another term to the modklces the MSE less than
adding white Gaussian noise.
The output frequency,» is renewed with the local replica carrier frequency and

passed to the signal tracking process.



7. Experimental Results

To verify the performance of the proposed fine acqursitieethod, real GPS L1

data were logged using NovAtel FireHose frentl. The tests were performed in
static and dynamic modes. The starting point was chosen at a point at Kingston,
Ontario at latitude 44 13.726«, longitud®; 27.948« and height 100mhélreal

RF data are down converted to the baseband and sampled at the frequ&bcy of
MHz and quantified ir8 bits. The raw GPS samples are processed using a software
receiver from theNavigation and InstrumentatioN&vINST) research group.
Figure 4 illustrates a frequency domain, time domain, and histogram of the raw
GPS L1 1/Q samples. In the frequency domain, it clearly shows that the FirHose
front-end rotates the received frequencies to the baselidmdAtel, 2013)
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Figure 4: Frequency domain, time domain and histogram of raw GPS L1 I/Q sample data

There are/ GPS satellites available above -@légree elevation mask at the initial
location.Table 1 lists the coarse and fine acquisition results of the real experiment.
The data length d ms was chosen to fine the coarse acquisition results using the
propsed method and the FFT and zepeamlding FFTbased fine acquisition
algorithms.For the fine acquisition stage, the performance of the proposed method
Is initially compared with conventional FHIased fine acquisition algorithm in
which theradix-2 FFT algaithm is usedBabu et al., 2011)Theradix-2 FFT can

only be performed with sequences! 6fdata length. Unfortunately, most sampling
rates @ not provide the required powef-two data length. Therefore, the vector

of signal samples is extended by using zemdding to a length of samples,

whereL ! !' is a poweyof-two data size with a frequency resolution%fL Hz.
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In addition, the poposed method is compared to zpemlding FFTbased fine
acquisition algorithmgBorre et al., 2007)These algorithms are based on adding
powerof-two zero padding blocks to the data samples by finding the next highest
powerof-two of the data length (i.€.! !"#, !) and multiplying it by a factor df
where!!! LI I"# . For example, the total number of sample&nms of data
sampled at 8MHz is 8000. Consequently,rib&t highest poweof-two of the data
length is!'!'! " | In order to apply the zepadding FFTbased fine acquisition
with a factor of 2 (namely FFZP (I'! I'1) the total data length will be! 1" |

1" samples.

Table 1: Frequency acquisition results of the FFT algorithms and propasd methodb5ms window size

BRI I;;eg:z?gé/ Frequency by Fine Acquisition (Hz)
Acquisition
(H2) FFT | FFT-ZP (2!n) | FFT-ZP (5!n) | FFT-ZP (8!n) | Proposed

15 500 0 305 488 534 620

4 -2500 -2060 -2174 -2274 -2307 -2345
21 -1000 -458 -839 -1007 -1049 -1136
13 2500 2136 2441 2625 2689 2682
24 1000 992 1106 1221 1243 1270
22 3000 2670 2823 2914 -2937 2970
18 -2000 -1373 -1602 -1801 -1850 -2134

Since it is difficult to acquire thactual Doppler shift inreal experiments, the
resultsof FLL are provided the frequency lock indicator (FLIwas used as a
performance metric t@valuate theproposed method with respect to the other
methods Generally,the FLI can be used to evaluate the performance of frequency
tracking. FLI (MongrZdien et al., 2006js function of frequency errorand
integration timeas

g L IR T (29
where!" is the frequency error in the tracking loop dands the integration time.
For example, for a 10 ms integration tinkd,] = 0.9 means that the frequency
error in the frequency tracking loop is 3.6 Hz.
A good carrier frequency tracking performance results in a reliable extraction of
the navigation data bits. The criteria for assessing the proposed method in the real
experiment isbased on the frequency tracking performance indicated by the FLI
and the converging process of the FLL to lock the correct satellite Doppler shift.
Figure5 andFigure6 depict the converging processes of FLL for PREs4d 18,
respectively. The converging processes of FLL for other PRNs are similar to that
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shown inFigure5 andFigure6, which are therefore not provided hereinFigure

5 andFigure6, the FLL is just operated during the transient period. After the FLL
converges, PLL starts to track the carrier frequency in a higher accuracy. It is
clearly shown in these figures that the proposed method takes shorter time to
converge than the other methods
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Figure 5: Converging process of FLL 6r PRN 15
Figure 6: Converging process of FLL for PRN 15
Figure7 andFigure8 illustrate the FLI for PRNs3.and18, respectively. The FLI
takes a maximum value of uypiwhen the frequency is perfectly tracked. It can be
seen that the FLI of the proposed method converges faster than the other two
methods. As a result, the tracking loop is able to converge quicker to the correct
Doppler shift, and the switching from Flrhode to PLL mode occurs quicker.
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Figure 7: Frequency lock indicator calculated for the five Figure 8: Frequency lock indicator calculated for the five
fine acquisition algorithms used for PRN 5 fine acquisition algorithms used for PRN B

8. Conclusion

A high-resolution fine acquisition method is proposed to improve the acquisition
performance of the GPS receivers. After the coarse acquisition has been
accomplished, the proposed method utilizes an orthogonal search algorithm to
provide robust spectral #@mation of the carrier Doppler shift. The proposed
method maintains a balance between acquisition accuracy and computational time.
The experimental results showed that the proposed method was significantly more
accurate than the FFT zepadding approachThe results indicated that the
proposed fine acquisition method speeds up the convergence of the FLL in order to
correctly lock the carrier Doppler shift frequency.
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