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Abstract: The design of a global positioning system ( GPS)
software receiver is introduced. This design uses the concept of
software radio, and it consists of the following parts: front-end,
acquisition, tracking, synchronization, navigation solution and
some assisting modules. In the acquisition module, the acquisition
algorithm based on circular correlation is utilized. The input data
and the local code are converted into the frequency domain by
means of the fast Fourier transform ( FFT). After performing
circular correlation, the initial phase of the C/A code can be
obtained and the carrier frequency can be found in 1 kHz
frequency resolution, which is too coarse to use for the tracking
loop. In order to improve the frequency resolution, the fine
frequency estimation through a phase relationship is then
achieved, by which, the frequency resolution is improved
dramatically. Experiments show that the inaccuracy of the carrier
frequency can be estimated within a few hertz by the fine
frequency estimation method, and the fine frequency attained can
be directly used for the tracking loop.
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esearch and development continue to extend the capa-

bilities and to increase the robustness of global positio-
ning system ( GPS) receivers. With the development of the
software radio technique, the user’s terminal equipment, GPS
software receivers have been improved rapidly. GPS soft-
ware receivers are quite valuable in evaluating potential im-
provements due to their flexibility. Unlike conventional GPS
receivers, a GPS software receiver is mainly realized by soft-
ware except for the front-end part. New algorithms can easi-
ly be developed without changing the design

of the hardware'". In addition, software receivers afford
batch data processing options that are not available in hard-
ware implementations.

The software radio idea in this design concludes that the
input signal is digitized as close to the antenna as possible.
Once the signal is digitized, digital signal processing is used
to obtain the necessary information through software algo-
rithms'?'. The acquisition method based on circular correla-
tion with a fine frequency estimation is introduced in this
paper. The circular correlation is the discrete Fourier trans-
form( DFT) -based technique which is able to search all pos-
sible code offsets in one DFT-based computation, dramatic-
ally reducing the computational burden. The circular correla-
tion in the frequency domain is very suitable for the acquisi-
tion module of GPS software receivers. After performing cir-
cular correlation on a 1 ms input signal, the starting point of
a certain C/A code and the carrier frequency in a 1 kHz fre-
quency resolution can be found, which is too coarse for the
tracking loop. The desired frequency resolution should be
within a few tenths of a hertz. In this paper, the phase rela-
tionship approach is adopted to find the fine frequency reso-
lution. By doing this, the frequency resolution is dramatical-
ly improved. The fine frequency attained can then be directly
used for the tracking loop.

1 Architecture Design of GPS Software Receiver

Considering the current development level of the involved
hardware technology, the RF front-end is still necessary in
this design of the GPS software receiver', the architecture
design of which is shown in Fig. 1.
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Fig.1 Architecture design of the GPS software receiver
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The signals transmitted from the GPS satellites are re-
ceived from the antenna through the RF-IF chain. They are
amplified to a proper amplitude and the frequency is conver-
ted from radio frequency (RF) to a desired intermediate fre-
quency(IF). Then an analog-to-digital converter ( ADC) is
used to digitize the output signal'”. The antenna, RF-IF
chain, and ADC are the hardware used in this receiver.

After the signal is digitized, software is used to process it.
The digitized IF GPS signal inputs are saved in an input data
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file. After reading these samples into memory, the acquisi-
tion stage first provides the initial code offset and Doppler
estimates. With these initial values, a tracking loop is able to
keep track of the GPS signals and to provide pseudo-range
and carrier phase estimates. Sub-frame synchronization is
used to demodulate the navigation message, to obtain satel-
lite ephemeris, and to remove the transmit time ambiguity.
Finally, the user position is computed and the inner clock bi-
as is removed to improve the quality of the pseudo-range
measurements in the navigation solution stage''. To enable a
successful operation, a few assisting modules, including a
measurement derivation module to obtain the pseudo-range,
carrier phase and Doppler, and an inner clock generation
module to maintain an inner GPS timer are also developed.

2 The Acquisition Algorithm Based on Circular
Correlation and Fine Frequency Estimation

Acquisition is one of the most important steps in develo-
ping a GPS software receiver because one must detect the
signal and then can carry out the tracking step'” . The acqui-
sition involves correlating the incoming signal with a local
signal replica, which is characterized by particular values of
the carrier frequency and the code phase.

A correlation between the input signal x(#) and the local-
ly generated code [, can be written as

N-1

r(n) = Y x(m)l,(n +m) (1)
m=0
where N is the length of the input signal. The local code [
can be represented as

l; = Cexp(2m(fie +f) 1)

where C is the C/A code of the i-th satellite; fi. is the fre-
quency of the digitized IF GPS signal at the front-end out-
put; f, is the Doppler frequency shift.

If the DFT is performed on r(n), the result is
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It can also be written as R(k)

m)l,(m)e ™™ = L’ (k)X(k)

If the x(n) is real, x(n) " =x(n), where #* is the com-
plex conjugate. Using this relationship, the magnitude of
R(k) can be written as

IR(k) | = |L; (X(k) | = |L ()X (k)|  (3)

The relationship can be used to find the correlation of the
input signal and the locally generated signal.

For the convenience of computation, FFT is used to take
the place of DFT; thus, the signal acquisition can be deno-
ted as

R(m) =IFFT[FFT(x(m))FFT" (1 ;(m))] (4)

After taking the IFFT, the maximum absolute value can be
found. The value is compared with a predetermined thresh-
old. If the value is larger than the threshold, the signals are
acquired successfully'”. And the corresponding code delay
and coarse carrier frequency can also be obtained at the
maximum value.

The block diagram of the acquisition of the GPS C/A
code signal by circular correlation is shown in Fig. 2.
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Fig.2 Flowchart of the circular correlation acquisition algorithm

Then the fine frequency estimation through the phase rela-
tionship is performed!"”. Once the beginning point of the
C/A code is found, the C/A code can be stripped from the
input signal, and the input becomes a continuous wave
(CW) signal. If the highest frequency component in 1 ms of
data at time m is X, (k), k represents the frequency compo-
nent of the input signal, and the initial phase 6,(k) of the
input can be found from the DFT outputs as

o Im(X, (k)
0. (k) =tan (m) (5)

where Im and Re represent the imaginary and real parts, re-
spectively. Assume that at time n, a short time after m, the
DFT component X, (k) of 1 ms of data is also the strongest
component, because the input frequency will not change rap-
idly during a short time. The initial phase angle of the input
signal at time n and the frequency component k is

Im(Xn(k)))
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(6)

These two phase angles can be used to find the fine fre-
quency as

6,(k) —6,(k)

/= 2m(n —m) 7

Using Eq. (7), a much finer frequency resolution can be
obtained.

In order to keep the frequency unambiguous, the phase
difference 6,(k) —6,(k) must be less than 2. If the phase
difference is at the maximum value of 2+, the unambiguous
bandwidth is 1/(n —m), where n —m is the delay time be-
tween two consecutive data sets.
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3 Experimental Analysis and Results

In this paper, all the experiments and simulations are car-
ried out in the School of Instrument Science and Engineer-
ing, Southeast University. A type NewStar 210 GPS signal
digitizer V1.0 of the OlinkStar Company is used as the RF
front-end in this design of GPS software receivers. As shown
in Fig. 1, the RF front-end used in this paper can collect
GPS signals and down-convert the frequency of the signals
from 1 575.42 MHz (RF) to 20.491 635 MHz (IF) and
digitize it at 16. 367 667 MHz. With this arrangement, 1 ms
of data contains about 16 367 points. The central frequency
of the digitized IF GPS signal is at 4. 123 968 MHz( without
a Doppler frequency shift) .

First, the circular correlation acquisition algorithm is used
on 1 ms data™ to find the beginning point of the C/A code
and search the frequency range of (4 123.968 +10) kHz in
1 kHz steps. The experimental data contain nine satellites,
numbers 3, 6, 15, 16, 18, 21,22, 26, 29. Most of the satellites
in this data are reasonably strong( such as satellite 15), and
they can be found from 1 ms of data. Some are weak( such
as satellite 16), in order to confirm this signal, several milli-
seconds of data need to be added to apply the coherent inte-
gration method or the non-coherent integration method'" .
The analysis of this kind of method is out of the scope of
this paper. The acquisition results of satellite 15 and satellite
16 on 1 ms input data are shown in Fig.3 and Fig. 4. It can
be seen that the correlation peak in Fig.3 is very clear. We
can make a qualitative decision, namely, satellite 15 is now
detected. While the correlation peak of satellite 16 is not clear
enough to make a decision concerning satellite visibility.
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Fig.4 Acquisition results of satellite 16

The beginning point of the C/A code of satellite 15 is
shown in Fig. 5. It can be seen that the correlation peak ap-
pears at point 8 358, so the beginning point of the C/A code
in 1 ms input data is at point 8 358.
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Fig.5 Beginning of C/A code of satellite 15

The amplitudes of the 21 frequency components separated
by 1 kHz are shown in Fig. 6. The highest component occurs
at the 12th frequency component. The coarse carrier frequen-
cy can be evaluated to be 4 124. 968 kHz with the resolution
of 1 kHz.
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Then fine frequency estimation based on phase relation-
ship is performed, which uses 5 ms of consecutive data start-
ing from the beginning of the C/A code to find the fine fre-
quency. Multiplying these data with five consecutive C/A
codes, the result should be a CW signal 5 ms long"'.
Evaluate each highest frequency component X, (k) on each 1
ms data, where n=1,2,3,4, and 5. Because n — m is the de-
lay time between two consecutive data sets, here n —m =1
ms. Then find the phase angle from Eq. (5). The difference
angle can be defined as A9 =0,,, —6,, and Eq. (7) can be

n+l n’

n+1 n
27 x107
evaluated. Since there are 5 ms of data, there will be four
sets of fine frequencies. The average value of these four fine
frequencies will be used as the desired fine frequency value
to improve accuracy. After performing the acquisition algo-
rithm based on circular correlation and the fine frequency es-
timation, it can be concluded that the beginning of the C/A
code of satellite 15 is at point 8 358 and its fine frequency is
evaluated as about 4 125. 486 232 077 1 kHz, which is obvi-
ously very fine.

Since the data are actually collected, the accuracy of the
fine frequency is difficult to determine because the real
Doppler frequency is unknown. Here different portions of the
data are utilized to attain the fine frequency accuracy'”. Six
fine frequencies are calculated from six portions of the input
data. The six different portions each are 5 ms long and the

rewritten as f = Then the fine frequency can be
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starting points are shifted by 1 ms. Then, each two adjacent 5
ms data have 4 ms data that are the same. Therefore, the cal-
culated fine frequency should be close. The evaluated six fine
frequencies of satellite 15 are shown in Tab. 1.

Tab.1 Six fine frequencies of satellite 15

Sequence number Fine frequency/kHz Difference/Hz
1 4125.4862 0
2 4125.4793 6.9
3 4125.4871 -0.9
4 4125.484 6 1.6
5 4125.48717 -1.5
6 4125.494 8 -8.6

The frequency difference can be considered as the inaccu-
racy of the acquisition method. From Tab. 1, it can be easily
seen that, the frequency resolution is improved dramatically
and the inaccuracy of the acquisition method is very small,
within a few hertz. Then, the fine frequency attained can be
directly used for the tracking loop'”.

4 Conclusion

The design of GPS software receivers based on the con-
cept of a software radio is a kind of new and developing
mode of global navigation satellite system( GNSS) receivers
development, compared with traditional hardware GNSS re-
ceivers. In this paper, the architecture design of GPS soft-
ware receivers is proposed. Utilizing real GPS satellite data,
the acquisition method based on circular correlation with a
fine frequency estimation is presented. As demonstrated by
experiments, the frequency resolution can be improved dra-
matically. The acquisition algorithm proposed is suitable for
this kind of GPS software receiver.
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