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Abstract: It is difficult to achieve accurate acquisition of weak global positioning system (GPS) signals with tradi-
tional methods. A weak signal acquisition strategy based on block processing and differentially coherent (BPDC) is
put forward after analyzing the advantages and disadvantages of coherent and non-coherent integration algorithms.
Code phase parallel search of the pre-coherent integration is conducted by using fast Fourier transform(FFT), and
the results are then differential coherent processed and block processed. BPDC method reduces computation cost
compared with coherent and non-coherent(CNC) algorithm. The performance of the two algorithms is also com-
pared based on simulated signals. The result shows that the noise suppression effect of BPDC algorithms is superi-
or to that of traditional CNC algorithm, and the superiority of BPDC is more apparent with the reduction of carrier
to noise ratio (CNR). In the case that the pre-coherent integration length is 4 ms and CNR is reduced to 28 dB-Hz,
CNC algorithm cannot yet acquire signal correctly while BPDC has well acquisition performance. Therefore, for
weak GPS signal acquisition, BPDC algorithm can acquire the signal with lower CNR and has better acquisition
property.
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1 Introduction

In order to acquire weak L1 signals, a GPS
receiver must increase processing gain to obtain a
raised signal to noise ratio (SNR)™. Generally,
two traditional methods are used to raise SNR.
One is increasing the length of coherent integra-
tion, for example, the half-bit acquisition algo-
rithm proposed in Ref. [ 2] which prolonged the
length of coherent integration to 10 ms; and the
whole bit algorithm suggested in Ref. [ 3] which
reached the coherence length to 20 ms. But these
methods are still limited by navigation data’.
The other is adopting non-coherent integration.
Four kinds of non-coherent integration algorithms
were put forward and compared in Ref. [5]. Non-
coherence can overcome the disadvantage of co-

herent integration, but it induces squaring loss,
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which will rise with the SNR reduction®.

To overcome the disadvantages of the above
methods, an algorithm based on block processing
was put forward in Ref. [7]. On one hand, this
algorithm obtained a faster operation speed by
using fast Fourier transform(FFT). On the other
hand, it magnified signals without raising noise
by performing periodic overlap when I and Q sig-
nals are independent from each other, which can
enhance the signal strength without increasing
noise energy. However, if the length of coherent
integration in block processing exceeds one navi-
gation bit(20 ms), bit-hopping may occur in the
data segment for block processing. To tackle this
problem., a differential coherent integration algo-
rithm was proposed in Ref. [ 8], which utilized
the independence of sampled noise data and the

high-correlation of sampled signal data in differ-
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ent fore-and-aft periods. It not only offset the
shortcoming of coherent integration but restrain-
ed the squaring loss induced by traditional non-co-
herent integration.

To avoid the disadvantages of the traditional
CNC algorithm and fully avail of the advantages
of block processing and differential coherent inte-
gration method, a weak GPS L1 signal acquisition
strategy based on block processing and differenti-

al coherent integration is proposed.

2 Weak Signal Acquisition Algo-
rithm Based on CNC

The received GPS L1 signal is down-conver-

ted and sampled, which can be expressed as fol-

lowst!

Ve :Ad(tk)C(Zk - t,)COS[wlp‘fk - ((,Ul)fk + Po )] + Uy —

.;/k + Up (D
where y, is the output of the RF front end at sam-
ple time #,, A the amplitude of signal,d () GPS
data,c (t) coarse/acqusition (C/A) code of re-
ceived signals, ¢, the initial point of C/A code, w
the normalized intermediate frequency.wp the car-
rier Doppler frequency shift, ¢, the initial carrier
phase, v, the noise.

The goal of signal acquisition is to estimate ¢,
and wp based on the intermediate frequency sig-
nal. The standard method searching for ¢, and wp
is locating the maximum of the correlation be-
tween the signal and a reconstruction of it.

The in-phase and quadrature-phase accumu-
lation between incoming signal and the i th local

replica signal with the length of 0. 001 s are as

follows
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where N indicates the sample number in 0. 001 s.
The relevant correlation output function can be

expressed as follows

U,(Z,\ a(;)I)):I,‘+jQi (4)

2.1 Coherent integration algorithm

Supposing the correlation integration of

length of M ms is Z§", then the expression of
Z5" can be shown as Eq. (5) based on Egs. (2—
4).

M—1 M—1
Z50 (G vwn) = D U, = D0 (L +iQ)  (5)
m=0 m=0

where U, is the correlation integration value of the
ith ms.
The acquisition determination function can be
written as
PSP (2, von) = | Z5PM (2, s on) | (6)
If P(z, 1) exceeds threshold value, the acquisi-
tion algorithm terminates successfully and the
corresponding 7, and wp are the required code
phase and Doppler shift. And the coherent inte-
gration gain Gepo of M ms ist?
Geno = 101gM (7)
However, the length of coherent integration
is limited by the navigation data, and navigation
data phase transition may occur in every 1 ms da-
ta. Since the frequency of navigation data is
50 Hz, one of the two sets of input data within
two separate consecutive 10 ms is with a naviga-
tion data phase transition at the most, so the lon-
gest data length which can be continuously inte-
grated is 10 ms, namely, M<C10.
In conclusion, it is impossible to improve
SNR by limitlessly increasing the length of coher-

ent integration.
2.2 Coherent and non-coherent integration

In order to solve the problem that coherent
integration length is limited by navigation data,
the non-coherent algorithm can be introduced af-
ter coherent integration. Supposing the non-co-
herent integration for L segments data is Z} 'y and
each segment has a period of M ms, then the ex-

pression of ZYG} isHH

L—1
Z¥ G swn) = D0 (ZSF (1)) =
=0

L—1
DIUa? + (Qud? ] (8)
=0

where ZOH

(7, »wp) indicates the coherent integra-
tion of the / th segment with the length of M ms.
The relevant acquisition determination func-

tion is expressed as

PYU (2, vop) = | ZYU (2, o) | (9
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As can be seen from Eq. (8), the length of
coherent integration is no longer limited by navi-
gation data because of the introduction of non-co-
herent integration. However, there is squaring
loss in non-coherent integration, which causes the
SNR gain of non-coherent integration less than
that of coherent integration, and the gain differ-
ence will be larger with longer integration, which

is shown in Fig. 1.

25
20
% 15+
g
<
o0
% 10
wn
S’ —— Coherent integration
= = Non-coherent integration
0 L . )
0 50 100 150 200

Length of integration / ms

Fig. 1 Processing gain of coherent and non-coherent in-

tegrations

3 Weak Signal Acquisition Algo-
rithm Based on BPDC

3.1 Block processing acquisition algorithm

As can be analyzed from the above, the rea-
son why non-coherent integration leads to SNR
reduction is as follows: non-coherent integration
takes the modulus of in-phase and quadrature-
phase signals before accumulation for obtaining
the energy strength of signal, which makes the
expectation of noise mixed in the two signals no
longer be zero. Therefore, the energy of noise is
increased when the signal energy is improved by
accumulation, resulting in the decrease of SNR.
The block processing algorithm was proposed in
Ref. [ 7] to solve the preceding problem. Block
processing first takes periodic superposition for
in-phase and quadrature-phase coherent result
while the expectation of noise mixed in them is
zero, then takes the modulus for the superposition
results, in which the signal energy is enhanced
without the improvement of noise energy. The

block diagram of block processing acquisition al-

gorithm is shown in the Fig. 2.

Block -
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Fig.2 Process of block processing algorithm

Block processing algorithm utilizes the fol-
lowing Eq. (10) to detect whether the satellite

signal exists or not

N
Pl‘(i_\y&)])):‘zzl (10)

‘2
=1

where Z, is the correlation value for the /th PRN
code period.

Blocking processing algorithm can improve
SNR, however, there still exists defects,namely,
when the value of N exceeds a navigation data bit
(20 ms) , hopping may occur for the data segment

of block processing.
3.2 BPDC acquisition algorithm

According to the discourse in Ref. [6,12],
the differential coherent algorithm reduces the re-
quirement for coherent integration length, there-
fore, differential coherence is introduced before
taking modulus and square of block processing.
And the ingenious differentially coherent integra-
tion algorithm proposed in Ref. [ 8] is adopted.
Firstly, the coherent integration results of two
adjacent groups of data are conjugately multi-
plied. Then the results of conjugate multiplica-
tion are accumulated after modulus is taken to es-
timate the influence of navigation data transition,
which is different from the traditional way of tak-
ing modulus after accumulation. Finally the dif-
ferential coherence results are taken for periodic
superposition, namely, block processing, which
enhances signal strength without strengthening

the noise energy. In conclusion, the combination
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of the two algorithms overcomes the disadvanta-
ges of traditional coherent integration algorithm
and non-coherent integration algorithm and en-
surs higher SNR gain.

The GPS weak signal acquisition process
based on BPDC is displayed in Fig. 3.
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Fig.3 Process of BPDC algorithm

The steps of weak signal acquisition algo-
rithm based on BPDC can be detailed as follows:
The length of pre-coherent integration is
taken as M ms. To make description simple, only
two groups of data are performed for differential

coherence integration in the following introduc-

data can be selected. In addition, code-phase par-
allel search based on FFT is performed which can
shorten acquisition time compared with serial
searching algorithm.

Step 1 Preprocess the first group of incom-
ing signal

(1) Data of continuous M ms is input, then

FFT is exerted on it, the specific process can be

shown as
Y'(1) Y, e Y
v Y'(2) _ Yu You B
Y] (M) Y(M 1) %N YM,, N—1
y (D) Vo Y
(2 .
rrT|” " |=FFT| Yo
LMD VM1« N VM N—1

an

where y' (i) and Y' (i) indicate the ith ms incoming

data and its FFT result in the first group,i=1,2+-+,

M, M is the length of pre-coherent integration, N
the sampling number in one C/A code period.

(2)Local replica signal of M ms is generated

and FFT is exerted, then the result is complex

tion. But in actual simulation, more groups of conjugated.
L'(D) Ly,
L= L'(2) _ Loy _
L' (MD Lovn Ly

conj(FFT)
c(ty — 2.» )GXPE— j(wr _(;)I))[():I + v
C(Z‘N — 2_\ )exp[*j(wlp *(;)D)l‘;\]] + UN

oy —t, )exp[* e —wp) vy ] T v

where L' is the locally generated signal with the
length of M ms. L' (i) the local signal of the ith
ms, i=1,2+,M.

(3) IFFT is exerted and the coherent integra-

tion of the first group of data is obtained

Z' (D) Z, Zn
S| 2@ | _| s Zina |
Z' (M) Z N Zun
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IFFT (13)

L' (MDY (M)

Step 2 Preprocess the second group of in-
coming signal

Data of another continuous M ms are input.

Repeat (1—3) in Step 1, then obtain the coherent

output of the second group of data
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Step 3 Differential coherent process the a-
bove preprocessed result
D' (1)

D'(2)

D' = — [conj(Z") * 2*]  (15)

D' (M)
Step 4 Block-process the differential coher-

ent processing result

D](to v(:)D)
D, (¢, sap) M
D, — 1 1. WD ZZ‘D](i)‘ (16)
. i=1
D]([Nf] 9(;)1))

where D' (i) is the ith differential coherence and the
length of each is 1 ms,i=1,2+-,M. D, the block
processing result finally with the length of 1 ms.

Step 5 Search in the scope of Doppler shift

C:)D = WDrmin * WDmin T AWD » @Dmin T ZAWD *** ODmax
and repeat = Step 1—4.

Step 6 Acquisition determination

Compare D; (1., wp) with the acquisition
threshold, if the value of a factor is above the
threshold, the corresponding 7, and wp of this fac-

tor is the acquired rough code phase and carrier

Doppler shift.

4 Simulation Results and Analysis

4.1 Comparison of calculation complexity

The number of multiplication and addition
operation is used to assess the calculation com-
plexity of the two algorithms. Suppose that the
length of pre-coherent integration is M ms, the
integration time is L and the sampling number in
1 ms is N, then the calculation complexity of the
two algorithms on a certain Doppler shift is

shown in Table 1.

Table 1 Comparison of calculation complexity

Operation Method Calculation Complexity

seoc ML, (Mn) - 2MN LD
X
CNC SMZNngZ (MN) +2MNL
BPDC  3(MNL)log, (MN) +2MN(L—1)— N
+

CNC 3(MNDL)log, (MN)+2MN(L—1)+MN

As can be seen from Table 1, the number of
multiplication and addition calculation for BPDC
algorithm is less than that of CNC algorithm,
which indicates that BPDC is more effective for
improving the acquisition speed in the same calcu-

lation environment.
4.2 Simulation result

BPDC and CNC are compared by using simu-
lated GPS L1 signals to analyze the acquisition
performance of BPDC algorithm. Fig. 4 shows

that the band width of signal is about 2.5 MHz,
and intermediate frequency is 1. 405 MHz.
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(b) Power spectrum density estimation of input signal

Fig. 4 Input sampling signal and power spectrum den-

sity

Carrier to noise ratio (CNR) of signals is set
as 35 dB-Hz, and code phase and Doppler shift
are, set at 4 041 sampling point and 1 220 Hz, re-
spectively. The total length of the processed data
is set to 40 ms and the length of pre-coherent in-
tegration is 4 ms, the searching step of Doppler
shift adopts 250 Hz,then the acquisition result af-
ter 10 times CNC integration and 10 times BPDC
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integration is shown in Fig. 5, where Figs. 5(a—b)
are two-dimension acquisition results while Figs. 5 (c
—d) three-dimension acquisition results. For con-
venient comparison, the coherence results are
normalized.

Fig. 5 shows that both BPDC algorithm and
CNC algorithm can acquire the satellite at correct
code phase and carrier frequency, however, the noise
suppression effect based on BPDC algorithm is better
than that of CNC algorithm. Then if CNR of signals

is set as 30 dB-Hz, the acquisition result is shown in
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(a) 2D acquisition based on BPDC
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Fig. 6
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Fig. 6.

Comparing Fig. 6 with Fig. 5, it is easy to find
out that when CNR of signals becomes lower, the
noise suppression effect based on BPDC algorithm be-
comes more apparent compared to that of CNC. Then
reduce CNR to 28 dB-Hz, and the acquisition result is
displayed in Fig. 7.

Fig. 7 shows that when the CNR is reduced to 28
dB-Hz, CNC algorithm can not complete acquisition
yet while BPDC algorithm still has good acquisition

performance for weak signal in the same case.
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5 Conclusions

A weak GPS signal acquisition algorithm
based on BPDC is proposed. It combines block
processing and differential coherent integration.
Not only does the suggested algorithm overcome
the disadvantages of traditional coherent integra-
tion, but also the squaring loss introduced by
non-coherent integration is reduced. The per-
formance of BPDC algorithm is compared with
that of CNC algorithm based on the simulated
signal source. For weak GPS .1 C/A code signal
acquisition, BPDC algorithm can acquire the sig-
nal with lower CNR, which is better than CNC in
restraining squaring loss and improving SNR

gain.
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