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Abstract - The signal acquisition stage of a GPS receiver detects GPS satellites in view and 
provides coarse estimate of the GPS 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 
performance. The implementation of a GPS signal acquisition algorithm requires compromising 
between acquisition frequency resolution improvement and reduction in acquisition time. A 
high-resolution fine acquisition method is proposed to acquire the carrier frequency accurately 
after the completion of the coarse acquisition of the GPS signals. The proposed method uses 
Gram-Schmidt orthogonalization to provide robust spectral estimation of satellite Doppler 
frequency with less computational time. The performance of proposed method is evaluated 
against of the computational load for GPS L1 signal. Its performance was compared to the state 
of the art FFT and zero-padding FFT-based fine acquisition algorithms. The experimental results 
showed that the performance of the proposed method outperformed existing methods and it had 
sufficient acquisition accuracy for its application in the real world. 
 
Keywords: Fine Acquisition Ð GPS Ð Software Receiver Ð Doppler Shift 

1. Introduction  

Satellite based navigation and positioning technology has become an essential and 
significant tool for localization, navigation, tracking and timing applications. 
Nowadays, Global Positioning System (GPS) receiver chips are found in most 
smartphones, personal navigation devices, digital cameras, smart watches and 
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 implemented inside the GPS receiver (Tokarz and 
Dzik, 2009). 
Users utilize the GPS-equipped 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 satellite signal, it consumes larger amounts of power 
in the acquisition and re-acquisition signal processing modules (Ma et al., 2012). 
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Therefore, an accurate, reliable and computationally efficient acquisition algorithm 
becomes critical for limited resource navigation applications. 
The signal acquisition is the first signal processing operation performed by the 
receiver. The purpose of the acquisition stage is to detect the satellite pseudo-
random noise (PRN) in view and provide a rough estimation of the code delay and 
the Doppler frequency of the incoming signals. The acquisition process is 
performed by correlating the incoming signals with local replica for each PRN 
code across all possible combinations of code delay and Doppler shift. Once a 
satellite signal is detected, the necessary parameters can be obtained and passed to 
the signal tracking process (Tsui, 2000). Thus, the signal acquisition is a time-
consuming procedure inside the GPS receiver and its accuracy has a direct 
influence on the tracking performance.  
In order to improve the accuracy of the acquisition, two approaches have been 
widely addressed in the literature (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 significantly increases with 
increasing data length, the heavy computational load is one of the major 
disadvantages of the one step approach. 
The second approach, known as coarse-to-fine acquisition method, consists of two 
stages (Tang et al., 2012). The first stage uses short data to coarsely estimate the 
code phase and the carrier frequency of the visible satellites. 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 one step approach, it is 
commonly implemented in both hardware and software GPS receivers.  
There are several types of the second approach in the literature (Akopian et al., 
2001, Tang et al., 2012, Wang et al., 2013). All 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 type depends on the carrier phase difference but it is subjected to 
ineffectiveness in case of weak GPS signal (Sagiraju et al., 2001). The second type 
utilizes the Fast Fourier transformation (FFT) although it has a heavy 
computational load when using long data (Molino et al., 2008). Another fine 
method uses the Frequency Locked Loop (FLL), however, the FLL needs time to 
become steady before the transition of the FLL to the Phase Locked Loop (PLL) 
(Tang et al., 2012).  
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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 approach (Tsui, 2000). The reason is 
that in order to find 10 Hz resolution, a data record of 100ms is required. In 
addition, if the sampling frequency is 5MHz, then the 100ms of data contains 
500,000 data points, which is very time consuming for FFT operation. Besides, the 
probability of having phase shift in 100ms of navigation data is relatively high. 

3. Research Objectives 

We introduce a high-resolution fine acquisition method based on orthogonal search 
to improve the acquisition performance of the Global 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 resource GNSS 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 delay of all the satellites in view. All the acquisition 
techniques used inside the GPS receivers described in literature (Psiaki, 2001b, 
Principe et al., 2011, O'Driscoll, 2007, Borio, 2008) are based on the maximum-
likelihood estimation theory. As shown in Figure 1, the acquisition operation is 
based on evaluating and processing the Cross Ambiguity Function (CAF), which is 
evaluated the correlation ℛ !  between the received signal and each PRN code 
across all possible combination of local code offset and Doppler shift. The CAF 
can be defined as (Borio, 2008): 

! ! ! ! ! ! = !
!
! !

! ! 𝑛 !𝑐 ! ! !

! ! !!

! ! !

!!"# !! 𝜋!𝑓!" + 𝑓! ! ! ! !  (1) 

where ! !  is the coherent integration time in milliseconds for GPS signal, ! !  is 
the received signal, ! 𝑛 ! !  is the local replica reproducing the C/A code, !  and 
!! 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 signal acquisition 

Once the CAF is evaluated, the maximum absolute value of the resulting CAF is 
then compared to a pre-defined threshold to make a decision regarding the 
presence or absence of the searched satellite (O'Driscoll, 2007).  
The effects of Doppler shift and code delay residuals have been studied in the 
literature (O'Driscoll, 2007, Borio, 2008, Foucras et al., 2014). In the presence of a 
residual of Doppler shift and code delay, the correlator output in the absence of 
noise, can be shown as (Foucras et al., 2014): 

where ! ! is the carrier frequency residual error (i.e. !" ! ! ! ! ! ! ) and !"  is the 
code delay residual error (i.e. !" ! ! ! ! ). As shown in (2), the negative effects of 
the frequency offset on the correlation output are twofold (Geiger and Vogel, 
2011). First, a constant phase rotation ! ! ! ! ! ! ! ! !  is presented. Second, the 
power of the correlation peak is attenuated by increasing the frequency difference 
between the received carrier and the local replica. 

5. Fine Acquisition Techniques 

The frequency resolution from the coarse acquisition process may be too rough for 
the tracking loops (Tsui, 2000) and may eventually lead to poor positioning 
accuracy. Therefore, the fine acquisition stage is required to 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 tens of Hz (Zeng and Li, 
2010). This improvement will speed up the convergence of the FLL in order to 
correctly lock the carrier frequency (Wang et al., 2013). 
There are several fine acquisition algorithms reported in the literature (Akopian et 
al., 2001, Tang et al., 2012, Wang et al., 2013). One of these methods distinguishes 
two different carrier phases in order to find the fine carrier frequency, which 
requires the phase difference to be less than ! !  (Psiaki, 2001a). This method is 
limited in case of weak GPS signals. Zero-Padding FFT-based fine acquisition is 

! ! 𝜏! ! ! !
!
!

! ! !"# ! ! !! ! ! ! ! !
!"# ! ! ! !"

! ! ! !"
! ! !" !  (2) 
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another method (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 complexity (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 further. The flowchart of 
the proposed algorithm is shown in Figure 2.  
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Figure 2: Flowchart of the proposed fine 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 signal. We set the 
initial frequency ! !"!#  to be equal to the acquired carrier frequency by the coarse 
acquisition ! ! . We then generate a set of sinusoidal candidate functions, which are 
pairs of cosine ! ! !  and sine ! ! ! ! !  terms at each of the frequencies range of 
interest. The candidate functions are given by 

! ! ! ! !"# !! ! ! ! ! ! !  (3) 
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𝑃! !! ! ! 𝑠𝑖𝑛!(! 𝜋! ! ! !  
where m = 1,2,É, K, ! !  is the digital frequency of the candidate pair and K is 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 spans from ! ! !  to ! !  with a total range of two coarse acquisition steps 
(i.e.! ! ! ! ). The Doppler shift range of the proposed method is defined as: 

! ! ! ! ! ! ! ! !"!# ! !! ! ! ! !  (4) 
where ! !  is the coarse acquisition Doppler shift step.  
The candidate frequencies of the proposed method are chosen to have a higher 
resolution than the FFT to achieve better de-noising performance. The frequency 
resolution of the FFT can be given by 

𝑓𝑓𝑡!!"#$%&'($) ! ! !
𝑁 (5) 

where 𝑓!  is the sampling frequency and 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 methodÕs 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, 2001) is then utilized to 
provide both reliable and fast acquisition of GPS signals. 
The FOS algorithm uses an arbitrary set of non-orthogonal candidate functions 
! ! !  and finds a functional expansion of an input ! ! ! !  in order to minimize the 
mean squared error (MSE) between the input and the functional expansion. 
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The functional expansion of the input ! ! ! !  in terms of the arbitrary candidate 
functions 𝑃! !  is given by: 

! (! ) ! ! ! !!! ! ! ! !

!

!! !

 (6) 

where ! !  is the weights of the functional expansion, and ! !  is the modeling 
error. 
By choosing non-orthogonal 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 based on FFT, 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 a phenomenon known as spectral leakage. By using 
candidate functions that are non-orthogonal, 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 model (Chon, 2001). 
The FOS method begins by creating a functional expansion using orthogonal basis 
functions such that: 

! ! ! ! ! ! 𝑔! ! ! 𝑛 ! 𝑒 !

!

! ! !

 (7) 

The GramÐSchmidt coefficients ! !"  and the orthogonal weights ! ! can be found 
recursively using the following equations (Korenberg, 1989): 
 

! ! ! !! !! ! !  (8) 
! ! ! ! ! !! ! ! ! ! ! ! ! ! !  (9) 

! ! ! ! =   𝑝! (! )! !! ! ! ! ! 𝛼!" 𝐷!𝑚! 𝑖!
!! !

!!!

 (10) 

𝛼!" =
! !!𝑛!𝑤! (! )

! !
! (! )

!   
! (! , ! )
! (! , ! )

 (11) 

! 0 ! !! ! ! !!𝑛!  (12) 

𝐶 ! = !𝑦 ! 𝑝! (! ! !    ! !"! (! )
! !!

!! !

 (13) 
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! ! = !
𝐶!𝑚!
𝐷!𝑚!𝑚!

 (14) 

In its last stage, the FOS method calculates the weights of the original functional 
expansion ! !, from the weights of the orthogonal series expansion, ! !. The value 
of ! !  can be found recursively using 

! ! !    ! !! !

!

!! !

 (15) 

where ! ! ! 1 and  

! ! ! ! ! !" ! ! !!!!!!!!!!!!!!!!!! ! ! ! ! ! ! ! ! ! ! ! !

! ! !

! ! !

 (16) 

From (9), (10), (12) and (13) it can be noted that the FOS method requires the 
calculation of the correlation between the candidate functions and the calculation 
of the correlation between the input and the candidate functions. The correlation 
between the input and the candidate function 𝑦 ! !𝑝! (! ) are typically calculated 
point-by-point once at the start of the algorithm and then stored for later quick 
retrieval. 
The MSE of the orthogonal function expansion has been shown to be (Adeney and 
Korenberg, 1994): 

! ! ! ! ! ! ! ! ! ! ! ! ! !
!

!

! ! !

! !
! ! ! !  (17) 

It then follows that the MSE reduction given by the mth candidate function is given 
by: 

! ! ! !! !
! !! !

! ! ! ! ! ! ! !
! !! ! ! ! ! !  (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 one of three 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 a pre-defined threshold. The 
third case is when adding another term to the model reduces 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. 
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7. Experimental Results 

To verify the performance of the proposed fine acquisition method, real GPS L1 
data were logged using NovAtel FireHose front-end. 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«, longitude -76¡ 27.948« and height 100m.  The real 
RF data are down converted to the baseband and sampled at the frequency of 2.5 
MHz and quantified in 8 bits. The raw GPS samples are processed using a software 
receiver from the Navigation and Instrumentation (NavINST) research group. 
Figure 4 illustrates a frequency domain, time domain, and histogram of the raw 
GPS L1 I/Q samples. In the frequency domain, it clearly shows that the FirHose 
front-end rotates the received frequencies to the baseband (NovAtel, 2013). 
 

 
Figure 4: Frequency domain, time domain and histogram of raw GPS L1 I/Q sample data 

There are 7 GPS satellites available above a 5-degree elevation mask at the initial 
location. Table 1 lists the coarse and fine acquisition results of the real experiment. 
The data length of 5 ms was chosen to fine the coarse acquisition results using the 
proposed method and the FFT and zero-padding FFT-based fine acquisition 
algorithms. For the fine acquisition stage, the performance of the proposed method 
is initially compared with conventional FFT-based fine acquisition algorithm in 
which the radix-2 FFT algorithm is used (Babu et al., 2011). The radix-2 FFT can 
only be performed with sequences of ! !  data length. Unfortunately, most sampling 
rates do not provide the required power-of-two data length. Therefore, the vector 
of signal samples is extended by using zero-padding to a length of !  samples, 

where 𝐿 ! ! !  is a power-of-two data size with a frequency resolution of  𝑓! 𝐿 Hz. 
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In addition, the proposed method is compared to zero-padding FFT-based fine 
acquisition algorithms (Borre et al., 2007). These algorithms are based on adding 
power-of-two zero padding blocks to the data samples by finding the next highest 
power-of-two of the data length (i.e. ! ! !"# ! ! ) and multiplying it by a factor of !, 
where !! ! !! ! ! ! ! ! ! !"# . For example, the total number of samples in 1ms of data 
sampled at 8MHz is 8000. Consequently, the next highest power-of-two of the data 
length is ! ! !   !" . In order to apply the zero-padding FFT-based fine acquisition 
with a factor of 2 (namely FFT-ZP (! ! ! ! ) the total data length will be ! ! ! ! ! ! !
! ! ! !"  samples. 
 

Table 1: Frequency acquisition results of the FFT algorithms and proposed method Ð 5ms window size 

PRN 

Frequency 
by Coarse 

Acquisition 
(Hz) 

Frequency by Fine Acquisition (Hz) 

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 the actual Doppler shift in real experiments, the 
results of FLL are provided; the frequency lock indicator (FLI) was used as a 
performance metric to evaluate the proposed method with respect to the other 
methods. Generally, the FLI can be used to evaluate the performance of frequency 
tracking. FLI (MongrŽdien et al., 2006) is function of frequency error and 
integration time as 

!"# ! !"# !! ! !"# ! ! !  (19) 
where !"  is the frequency error in the tracking loop and ! !  is the integration time. 
For example, for a 10 ms integration time, FLI = 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 is based on the frequency tracking performance indicated by the FLI 
and the converging process of the FLL to lock the correct satellite Doppler shift.  
Figure 5 and Figure 6 depict the converging processes of FLL for PRNs 15 and 18, 
respectively. The converging processes of FLL for other PRNs are similar to that 
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shown in Figure 5 and Figure 6, which are therefore not provided herein. In Figure 
5 and Figure 6, 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. 

 
Figure 5: Converging process of FLL for PRN 15 

 

 
Figure 6: Converging process of FLL for PRN 15 

Figure 7 and Figure 8 illustrate the FLI for PRNs 15 and 18, respectively. The FLI 
takes a maximum value of unity when 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 FLL mode to PLL mode occurs quicker. 
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Figure 7: Frequency lock indicator calculated for the five 

fine acquisition algorithms used for PRN 15 

 
Figure 8: Frequency lock indicator calculated for the five 

fine acquisition algorithms used for PRN 18 

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 estimation 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 zero-padding approach. The 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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