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Abstract—With the development of the computational
power of programmable processors, the Software-Defined
Radio (SDR) approach for GPS receivers has been widely
considered. However, in comparison with the conventional
hardware receivers, the computational speed of the SDR
receivers is still a problem needed to be improved. As a
first process of the digital processing part, and also the
most resource consuming process of a GPS receiver, the
signal acquisition process is very important and needed
to be improved in order to suit with the SDR approach.
This paper introduces a hybrid signal acquisition method
leveraging the conventional serial search acquisition (typ-
ical in hardware receivers), and the FFT-based parallel
search (typical in SDR receivers) in order to significantly
improve the acquisition sensitivity, meanwhile keep the
computational complexity still comparable with that of the
FFT-based parallel method.
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I. INTRODUCTION

Conventionally, to produce positioning and timing
information, a GPS receiver experiences three main
stages: signal synchronization; navigation data demod-
ulation; and position, velocity and time computation.
The signal synchronization stage is usually divided into
signal acquisition and tracking processes. In particular,
the signal acquisition is very critical because it is the
first operation performed by the receiver. The signal
acquisition is performed by correlating the incoming
and the local generated signals to measure the similarity
between the twos. The local signal is generated based
on the uncertainty regions of the code delay, Doppler
shift and satellite number (i.e. 3D search-space). If the
level of the similarity represented by the correlation
values is over a predetermined threshold then the code
acquisition stops and transfers the estimated values of
satellite number, code delay and Doppler shift to the
tracking stage for finer estimation.

As the main part of the acquisition, the correlation
process can be performed by using conventional serial

search [1] or Fast Fourier Transform (FFT) parallel
search [2]. The serial search method tests each cell,
whilst the FFT-based parallel test multiple cells of the
search-space at a time. The former method is used in
conventional hardware receivers due to its simplicity;
however for Softwared Defined Radio (SDR) receivers
this type is not efficient due to the high computational
complexity [3]. On the contrary, the latter method is
very efficient for software receivers since it utilises the
fast nature of the FFT algorithm; but not suitable for
hardware receivers due to the complexity of FFT algo-
rithm. Moreover, the code Doppler effect, which causes
sensitivity loss, might reduce the quality of estimation
of the FFT with respect to the serial search, when the
integration time is large.

In an effort of finding a suitable acquisition method
for SDR GPS receivers, this paper introduces a hybrid
method which utilises both the serial search and FFT
correlators. By using this method, the acquisition stage
could inherit the fast computation nature of the FFT;
whilst maintain the quality of the estimation as good as
the serial search method.

The remaining part of this paper is organised as
follow: Section II introduces the fundamentals of sig-
nal acquisition including the serial search and FFT-
based search. Section III describes the hybrid acquisition
method. Section IV analyses the performance of the
hybrid method in comparisons with the serial search and
FFT parallel methods. Finally, some remarks are drawn
at the conclusion section.

II. GPS L1 C/A SIGNAL ACQUISITION PROCESS

A. Signal and acquisition process

The received GPS L1 C/A signal after the Analog to
Digital Converter can be represented as ([4–6])

r[n] =
√

2Cd[n]c[n+τ ] cos(2π(fIF+fD)nTS+ϕ)+nW [n]
(1)
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CNTT&TTwhere C is the carrier power (W); d[n] is the navi-

gation data; c[n] is the PRN code which is assigned
uniquely to each satellite, fIF , fD denote the Intermedi-
ate Frequency (IF) and Doppler shift (Hz) respectively;
TS = 1/FS stands for the sampling period (s) (FS is the
sampling frequency (Hz)); ϕ is the initial carrier phase
(rad); τ is the initial code delay (samples) ; and nW is
the Additive White Gaussian Noise (AWGN) with zero
mean (µ = 0) and variance σ2

n (nW ∼ N (0, σ2
n)).

As introduced in [1], the conventional acquisition
process strives to determine the presence of a desired
signal defined by PRN code (c), code delay (τ ) and
Doppler offset (fd) in the incoming signal. The uncer-
tainty regions of (c, τ, fD) form a signal search-space,
each cell (ĉ, τ̂ , f̂d) of which is used to locally generate
an equivalent tentative signal, see Figure 1. In Figure 1,
the search-space has the conventional step-size values in
the two dimensions as follows [1]:

4fD =
1

2Tcoh
Hz ; and 4θ = 0.5 chip (2)

with Tcoh being the coherent integration time (s). These
values together with the uncertainty regions define the
size of the search-space, L = Nc × Nf , where Nc is
the number of columns (i.e. possible code delays to
be tested) and Nf is the number of rows (i.e. possible
Doppler shifts to be tested). As proposed in [1], in a
conventional operational scenario, for the GPS signal
acquisition process, fD ∈ [−5, 5] kHz, and θ ∈ [0, 1022]
chip (i.e. one full code period). Therefore, Nc = 2046,
Nf = 21, and L = 42, 966 combinations.

The acquisition process correlates the incoming signal
(r[n]) with the tentative signal (r̂[n]) to measure the
similarity between the two signals. Basically, there are
two acquisition approaches as follows:

• Conventional serial search: the acquisition process
tests one cell (i.e. a tentative signal) at a time.

• Parallel search using Fast Fourier Transform (FFT)
method: the acquisition process tests multiple cells
at a time

– Parallels in code delay dimension: all cells of
a whole row of the search space are tested at
once.

– Parallels in Doppler shift dimension: all cells of
a whole column of the search space are tested
at once.

However, since Nf << Nc, hence the parallel search
in Doppler shift dimension is less efficient than that in
code delay dimension. Therefore, in this paper, only the

parallels in code delay, which is referred to as the FFT-
time method from now on, is considered.
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Figugre 1. the search space of a signal acquisition process

B. Serial Search Approach

Figugre 2. Conventional serial search acquisition process in a GNSS
receiver

In a conventional serial acquisition process as de-
picted in Figure2, the received signal is multiplied by
the local complex tentative signal defined by a single
cell in the search-space. Then the results are summed
by the accumulator. Consequently, at the accumulator
output, the complex-valued correlation RB between the
incoming and the local generated signals is obtained in
correspondence with the tentative set:

R[k] =

kN∑
n=(k−1)N

{r[n]c[n+ θ̄]ej(2π(fIF +f̄dk ))nTS}(3)

, s[k] + w[k]

where bN = TcohFsc denotes the coherent integration
time Tcoh (s) in samples; sn[k], wn[k] are the signal and
the noise components respectively, and [7]

s[k] =
√

2CNR[τ ]sinc[4f̄dkTcoh]ej(π4f̄dkTcoh+φk)

, Gnk
ejΦk

w[k] =
∑kN

n=(k−1)N nW [k + n]c[n+ θ̄]ej[2π(fIF +f̄dk )nTS]

(4)
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CNTT&TTwhere (τ = θ − θ̄) and (4f̄dk = fd − f̄dk) are the

difference between actual and estimated code delays
and Doppler shifts at time instance k respectively;
(φk = 2π4f̄dk−1

Tcoh + φk−1); Φk = π4f̄dkTcoh + φk;
sinc(x) = sin(πx)/πx; and R[τ ] is the autocorrelation
function.

Then the magnitude Sm = |R[k]|2 of each complex
correlator output is compared with a predetermined
threshold (V ) to decide which hypothesis between H0

(Sm < V ) and H1 (Sm > V ) is true, where H0 means
absence of the desired signal; and H1 means presence
of the desired signal. Sm is also referred to as the Cross
Ambiguity Function (CAF).

If H1 happens then the receiver switches from the ac-
quisition to the tracking process to dynamically synchro-
nize with the received signal as well as to demodulate
the navigation data. But if H0 happens, the acquisition
process moves on the next cell of the search-space. After
scanning the whole search-space but H1 still does not
happen then the acquisition process decides that the
considered satellite is not in view; and moves on to the
next satellite.

C. FFT Parallel Acquisition Approach

Let us define x[n] = r[n] exp(j2π(fIF + fdk)nTs),
then (3) becomes

Rn =

N−1∑
n=0

x[n]c[n+ θ] (5)

Equation (5) is the correlation between x and c, which
in fact is very similar to the convolution between them.
In [2], based on the similarity between correlation and
convolution, it is proved that

R = DFT{Rn} = (DFT{x})∗DFT{c} (6)

with DFT{.} is the Discrete Fourier Transform of (·) [8].
The inverse of R is

R
′

n = IDFT{R} (7)

R
′

n, called the circular correlation of x and c, is not
identical with R because of the periodic property in the
time domain of the DFT. However, regarding the fact
that x and c are composed of periodic PRN sequences,
therefore, Rn = R

′

n.
Basically, DFT can be computed very efficiently by

using Fast Fourier Transform (FFT) method [8]. This fact
gives the computational advantage to correlation process
using FFT:

Rn = IFFT {FFT{x}∗FFT{c}} (8)

Figugre 3. FFT based acquisition engine: parallels in code delay
direction (FFT-time acquisition method)

Figure 3 shows the block diagram of the FFT-time
parallel acquisition method [2, 9, 10]. The algorithm can
be summarized as follows:

Step 1 : Down-convert the Tcoh-s digital incoming
signal by multiplying with a complex signal
which already takes into account the tentative
value fd

Step 2 : Take FFT of the resulting complex signal.
Step 3 : Take the conjugate values of the FFT of the

local code c with the length equivalent to Tcoh
s.

Step 4 : Take the IFFT of the product of two signals
generated at Step 2 and Step 3.

After Step 4, all CAFs values associated with a whole
row in Figure 6 are computed.

D. Impact of code Doppler on signal acquisition

The Doppler effect observed at the receiver location
is caused by the time-variant propagation delay of the
transmitted signal along its path toward the receiver [1].
This delay changes over time even in case of a low-
dynamics user (e.g. pedestrians, etc.), as at least the SV
is moving along its own orbit. This effect changes the
real values of the carrier frequency and the code rate of
the received signal. The impact on the carrier frequency
is taken into account by searching along the Doppler shift
uncertainty. The impact on the code rate is also visible,
which can be represented as follows:

Rc = R̃c

(
1 +

fd
fRF

)
(9)

where R̃c = 1.023 Mcps is the nominal code rate value.
During the acquisition phase, if the local code is

generated at the nominal chip rate R̃c, the correlation
between local and received codes suffers a loss due to
the difference with the true received chip rate Rc. The
difference between Rc, and R̃c leads to a change in the
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CNTT&TTspreading code period as it can be seen in Figure 4 where

an example of 3 periods of a 4-chips spreading code are
represented.

Figugre 4. Code Doppler effect on the spreading code rate. An
example of 3 periods, each with 4 chips

That difference also results in the correlation loss as
seen in Figure 5. It should be noted that such a loss
increases with the integration times. A loss of about 8
dB in correlation value can be estimated at C/N0 = 24
dB-Hz when Tint = 1 s as in the weak signal acquisition
scenario [11]. Considering the FFT-based signal acquisi-
tion method, since the method used a common received
signal block of Tcoh s for a whole search space then the
code Doppler loss is even worse than in case of the serial
search which uses the continuous flow of received signal
samples.
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Figugre 5. Correlation loss due to code Doppler effect

III. PROPOSED HYBRID METHOD

Based on the analysis in Section II, this section
introduces a hybrid acquisition method leveraging the
advantages of both the conventional serial search and
the FFT-time acquisition methods, as well as the com-
pensation mechanism for the code Doppler effect. The
proposed method is composed of two steps (see Figure
6):

Figugre 6. Search spaces in the proposed method

Step 1 - Rough estimation by using FFT-time: This
step leverages the fast nature of the FFT algorithm in
order to quickly determine the rough estimations of
(θ̄, f̄d). The step sizes of the search space are set by the
conventional values as in Figure 1. The downsampling
process with a factor K might be performed to ease the
computational complexity in this step. The estimated cell
of this step is denoted as S1(θ̄1, f̄d,1).

Step 2 - Fine estimation by using serial search with
code Doppler compensation:

As pointed out in Figure 6, the serial search method
tests cells around the rough estimated cell S1. This fact
results in the new and narrower uncertainties of code
delay and Doppler shift: [θ̄1−m, θ̄1 +m] chips; [f̄d,1−
h, f̄d,1 + h] Hz. With the step sizes of Step-1, the rough
estimations of Step-1 cannot be more than one cell off
the correct one (see Figure 1), therefore,m = 2 chips
and h = 500 Hz.

In addition, to take into account the code Doppler
effect, the local code is generated with the code rate
Rc being:

Rc = 1.023

(
1 +

f̄d,1
fRF

)
Mcps (10)

The search-space step sizes used in this step are
reduced to refine the estimation as follows:

• the code delay step size equals to the sampling
period TS , i.e. 4θ2 = TS ×Rc chip;

• the Doppler step size equals to half of that at Step-1,
i.e. 4fD,2 = 0.54fD,1 = 250 Hz.

This fact of Step-2 also results in reducing the needed
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CNTT&TTtime for the signal tracking, the process after the acqui-

sition, to be locked.
With this configuration of Step-2, if FS = 16.368

MHz, the number of rows, and the number of columns
of the refined search space are Nf,2 = 3, and Nc,2 = 35,
respectively.

IV. PERFORMANCE ANALYSIS

In this section, the proposed hybrid acquisition method
is analysed with the real signal collected from the GPS
constellations via an antenna located at the roof of
the Ta Quang Buu library building at Hanoi University
of Science and Technology (see Figure 7). The radio
frequency signal from the antenna goes through the
frontend module, which is responsible for conditioning
and converting the analog radio frequency signals to
the digital intermediate frequency (IF) samples. In this
campaign, the configuration of the frontend module is
FS = 16.368 MHz, fIF = 4.092 MHz, and Bw = 4.2
MHz.

Figugre 7. The location of the antenna in the campaign

A. Estimation quality of the proposed hybrid method

Figure 8(a) shows the search space after Step-1. As
mentioned in Section III, the search space sizes are
4θ1 = 0.5 chip, and 4fD,1 = 500 Hz. The estimated
cell S1, which is the highest peak of the search space,
is {

θ̄1 = 758.5 chips = 12136 samples
f̄d,1 = 0 Hz

(11)

S1 is then fed to Step-2 for finer estimations.
In Step-2, 4θ2 = 0.0625 chip = 1 sample, and

4fD,2 = 250 Hz. As seen in Figure 8(b), the estimated
cell S2 is {

θ̄2 = 12141 samples
f̄d,2 = 0 Hz

(12)

The estimation differences between the two steps are{
δθ = θ̄1 − θ̄2 = 5 samples
δfD = f̄d,2 − f̄d,2 = 0 Hz

(13)

As seen in Figure 9, these improvements provided by
Step-2 give a processing gain, or also referred to as the
acquisition sensitivity improvement, G:

G = 10 lg

(
164, 903, 765

88, 312, 483

)
≈ 2.7 dB (14)
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Figugre 8. Acquisition result of the hybrid method: (a) Step-1: rough
estimations; (b) Step-2: fine estimations

It should be noted that Step-1 and the conventional
serial search (Section II-B) are similar in term of the
estimation quality, since the search space sizes are set
similarly. Therefore, the 2.7 dB gain is also the advantage
of the proposed hybrid method over the conventional
serial search.

B. Complexity concerns

In this section, the computational complexity is anal-
ysed among the three methods, namely: (i) Conventional
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serial search; (ii) FFT-time search; (iii) Proposed hybrid
method. Table I reports the comparison of the execution
time of the three methods. As pointed out in Section
II-A, the search space has Nf = 21 rows, Nc = 2046
columns, and L = 42, 966 cells. The execution time here
is defined as a needed duration for a cell to be tested,
therefore:

• For serial search: the execution time is denoted as
tS , and after each tS seconds a cell of the search
space is tested. With the number of cells in the
search space is L, the number of tests (or number
of repetitions) for the serial search is also L. Then
the required time for a whole search space to be
tested is: TS = tS × L.

• For FFT-time parallel search: the execution time
is denoted as tF , and after each tF seconds, a
whole row of the search space (i.e. all possible
code delays, see Figure 1) is tested. Therefore, for
a whole search space to be tested, the needed time
is TF = tF ×Nf ;

• For proposed hybrid search: with this method, two
steps are performed, therefore the needed time for
the acquisition process is TH = T1 + T2; with T1 =
TF and T2 = tS × (Nf,2 ×Nc,2), where Nf,2 = 3,
and Nc,2 = 35 (see Section III).

Table I reports the execution times, which are mea-
sured using the tic and toc functions of Matlab, run on
a normal PC (2.53 GHz Intel Core 2 Duo). The results
show that the proposed hybrid method has a comparable
computational speed with the FFT-time acquisition but
much faster than the conventional serial one.

Table I. Complexity comparison among different methods

Method Execution Repetition Total (s)
Time (s) (times)

Serial (i) 0.0042 42966 180.45
FFT-time (ii) 0.0056 21 0.11
Hybrid (iii) 21(ii) + 105(i) 0.59

V. CONCLUSION

This paper introduced a hybrid signal acquisition
method which leverages the advantages of the conven-
tional serial search acquisition and the FFT-based parallel
search one. Two steps are performed in the proposed
method before the parameters of the received signal are
derived. The performance analyses proves a significant
improvement in the processing gain, or the acquisition
sensitivity, of the proposed method over the conventional
one, meanwhile the computational complexity is kept
comparable to that of the FFT-based parallel one.
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