
THE JOURNAL OF NAVIGATION (2019), 72, 1550–1564. c© The Royal Institute of Navigation 2019
doi:10.1017/S0373463319000304

A High-Sensitivity Acquisition
Algorithm for BeiDou Signals with

NH Code
Rongbing Li1 Zhifeng Han1,2, Jianye Liu1 and Yi Wang1

1(College of Automation Engineering, Nanjing University of Aeronautics and
Astronautics, Nanjing 211106, China)

2(College of Transportation, Shandong University of Science and Technology, Qingdao
266590, China)

(E-mail: hanzhifeng@nuaa.edu.cn)

BeiDou signals are modulated with a Neumann-Hofman (NH) code of 1 kbps. The frequent bit
transitions lead to a sensitivity attenuation of classic acquisition algorithms. In order to increase
acquisition sensitivity for weak BeiDou signals, a novel algorithm based on modified zero-
padding and differential correlation is proposed. First, a zero-padding method is used to weaken
the effect of NH code. Second, the differential coherent delay time is modified to 20 ms to remove
the influence of data bit transitions. The integration time is extended to 10 ms to increase acqui-
sition sensitivity. Finally, Monte Carlo simulations and real data tests are conducted to analyse
the performance of the proposed algorithm. Simulated results show that the proposed acqui-
sition algorithm outperforms traditional algorithms under a Carrier-to-Noise ratio (C/N0s) of
20∼38 dB-Hz. The sensitivity of the proposed algorithm is about 10dB higher than traditional
6 ms repeated search algorithms. Real data test results show that the proposed algorithm out-
performs the traditional method with weak signals. This algorithm can remove the effect of NH
code and effectively increase the acquisition sensitivity. The proposed algorithm is suitable for
acquisition of weak BeiDou signals.
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1. INTRODUCTION. The construction and development of the BeiDou Navigation
Satellite System (BDS) is divided into three phases: BDS-1, BDS-2 and BDS-3 in
sequence. By 19 November 2018, 19 BDS-3 satellites had been successfully launched.
The BDS space constellation will gradually transition from the BDS-2 scheme to BDS-3
and provide open services for users worldwide.

Until now, the open service signals have consisted of B1I, B2I and B3I. The B1I and
B3I signals are transmitted by BDS-2 and BDS-3 satellites. The B2I signal is transmitted
by the BDS-2 satellites and will be replaced by the B2a signal in BDS-3. Furthermore, the
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B1C signal is transmitted by the Medium Earth Orbit (MEO) satellites and the Inclined
Geosynchronous Satellite Orbit (IGSO) satellites of BDS-3 and provide open services.

For B1I, B2I and B3I signals, a secondary Neuman-Hofman (NH) code is modulated
on the ranging code, which plays an important role in spectral separation, bit synchronisa-
tion, and narrowband interference protection (Van Dierendonck, 2000). However, the NH
codes of 1 kbps lead to more polarity changes resulting in more challenges for weak signal
acquisition (Bhuiyan et al., 2014).

In weak signal environments, such as indoors, in urban canyons and under dense foliage
canopies, high-sensitivity receivers are required (Xie and Petovello, 2015; Wang et al.,
2015; Wang et al., 2014; Musumeci et al., 2016). Coherent Combination (CC) is a typi-
cal method to enhance acquisition sensitivity (Kaplan and Hegarty, 2005). However, the
CC integration time is limited by data bit reversions (Teunissen and Montenbruck, 2017).
The integration time is typically set to be one millisecond in normal signal environments.
For weak signals, an integration time of a half-bit length is usually used to avoid data bit
reversions and it is 10 milliseconds for legacy Global Positioning System (GPS) L1 signals
(Tsui, 2005). Further sensitivity increases can be achieved by Non-Coherent (NC) combi-
nation or Differential Combination (DC) methods. In the NC method, the effect of data bit
reversions is reduced via squaring operations, but the squaring loss attenuates the Signal-
to-Noise Ratio (SNR) gain (Borio et al., 2009). The DC method multiplies the present CC
result with the conjugate of the last one. The DC method can also lessen the bit reversions
effect and improve the sensitivity (Yu et al., 2007).

The data bit rate of BeiDou signals with NH code increases to 1 kbps and bit reversions
can occur in every one millisecond random sampling signal. When the integration process
crosses bit reversions, the CC results are attenuated. When a data bit reversion occurs in the
middle of a CC integration interval, the first and second half of the correlation cancel each
other and the peak in frequency axis splits into two components, causing a failed acquisi-
tion. The conventional one-millisecond CC method for legacy GPS is no longer applicable
for BeiDou signals and other modern Global Navigation Satellite System (GNSS) signals
which consist of a primary ranging code and a secondary code.

Subject to the presence of NH code, a repeated acquisition strategy based on one-
millisecond CC is popular for BeiDou signals. A zero-padding strategy was implemented
to circumvent NH code bit transition in Yang (2003). Incoming signals of 2 ms were cor-
related with 1 ms locally generated samples appended by 1 ms zeros and a full correlation
peak of one-millisecond was found in the first millisecond of the correlation result. How-
ever, in these two methods, the effective integration time is only one millisecond. It is
typical to first acquire the 1 ms ranging codes and then the 20 ms NH codes for normal sig-
nals. However, for weak signals, the acquisition success rate of 1 ms ranging code is very
low and a long integration time is needed to increase the acquisition sensitivity.

Modern GPS and Galileo signals consist of a data component and a dataless compo-
nent (European GNSS (Galileo) Open Service Signal, 2015). Long-time integration can be
realised simply in a dataless channel. Joint acquisition of the data component and the data-
less component or acquisition only of the dataless component can achieve a sensitivity
increase for signal acquisition (Hegarty et al., 2003). An optimal detector which com-
bined data and dataless components was derived in Hegarty (2006). Sub-optimal detectors
were derived from the optimal detector for low and high SNR conditions at the expenses
of an increased computational load. In Borio (2011), an acquisition algorithm based on
maximum-length sequence transforms was developed to integrate the data component and
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the dataless component. The integration time was extended by testing all possible symbol
combinations and the NH code constraints were exploited to reduce the computational load.
However, current BeiDou signals only have a data component. Hence, the acquisition for
weak BeiDou signals is more challenging than for modern GPS and Galileo signals.

An acquisition method using a long integration time was implemented in Yang et al.
(2004) using a long NH-PRN (NH-Pseudo Random) modulated code which is formed by
multiplying NH code with the locally generated PRN codes. The method is implemented
to find the NH code phase, but the length of the incoming signal is more than 20 ms.
What is more, the frequency bin size is very small, and the calculation and search time
is challenging.

This paper proposes a novel acquisition algorithm for weak BeiDou signals based on
modified zero-padding and differential combination. Compared with the previous research
in this field, the paper has three novel contributions: (1) The traditional zero-padding
method is modified to weaken the effect of NH code and realise 1 ms correlation. (2) The
traditional differential correlation method is modified to weaken the influence of data bit
reversions. The integration time is extended to increase SNR and acquisition sensitivity.
(3) Monte Carlo simulations and real data tests are carried out and verify the reliability and
performance improvement of the proposed acquisition scheme.

The rest of this paper is organised as follows: In the next section, descriptions of the sig-
nal model and conventional algorithms are given, and the influence of NH code is analysed.
Subsequently, a novel acquisition scheme based on modified zero-padding and differential
combination is proposed. Monte Carlo simulations and real data tests results are presented
later, and conclusions are summarised in the final section.

2. SIGNAL MODEL AND CONVENTIONAL ALGORITHM ANALYSIS. BeiDou
signals are modulated with NH code, similar to modern GPS and Galileo signals. However,
the structures of BeiDou signals are not the same as modern GPS or Galileo signals. In
this section, a signal model is given, and the influence of NH code is analysed. Subject
to the presence of NH code, there are some conventional algorithms for BeiDou signal
acquisition.

2.1. Signal model. BeiDou open service signals consist of the B1I and B2I signals.
This paper mainly discusses the B1I and B2I signals broadcast by MEO/IGSO satel-
lites which are modulated with NH code. These signals are composed of carrier, ranging
code, NH code and navigation message. The ranging code period is one millisecond
and the duration of one navigation message bit is 20 ms. The bit duration of NH code
(0, 0, 0, 0, 0, 1, 0, 0, 1, 1, 0, 1, 0, 1, 0, 0, 1, 1, 1, 0) is 1 ms with a length of 20 bits and a rate of
1 kbps. It is modulated on the ranging code synchronously with the navigation message bit
(China Satellite Navigation Office, 2016).

The input signal of a receiver is obtained by down-converting, sampling and quanti-
sation and is generally an Intermediate Frequency (IF) signal. The input IF signal can be
written as follows:

sIF (n) = AD(nTs)H (nTs)c(nTs − τ0) exp[ j · 2π ( fIF + fd)nTs + φ0] (1)

where A, D and H represent the carrier amplitude, the navigation data and the NH code,
Ts is sampling time, c(·) stands for the ranging code sequence, τ0, φ0, fIF and fd are code
propagation delay, initial carrier phase, the carrier IF and Doppler shift.

https://doi.org/10.1017/S0373463319000304 Published online by Cambridge University Press

https://doi.org/10.1017/S0373463319000304


NO. 6 A HIGH-SENSITIVITY ACQUISITION ALGORITHM FOR BEIDOU 1553

Signal acquisition is a correlation operation between the locally generated IF signals and
the input IF signals. The locally generated signal sequence is:

sL(n) = c(nTs − τ̂L) exp[ j · 2π ( fIF + f̂d,L)nTs] (2)

Assuming the CC integration time is Tc, the output of the k-th integration is:

Y(k) =
1

Nc

(k+1)Nc−1∑
n=kNc

sIF (n) · sL(n) = 0·5ADkHkR(δτ )sinc[δfd(k)Tc] exp[ j · φk + jπδfd(k)Tc]

(3)
where k represents the index of the integration interval, Nc = Tc/Ts is the number of sam-
ples in the integration time Tc, Dk = ±1 is navigation data, Hk = ±1 is NH code, R(·) is the
autocorrelation function of the ranging code, δτ and δfd are the errors of code delay esti-
mation and the Doppler shift and φk is the initial carrier phase error at the k-th integration
interval.

2.2. Effect analysis of NH code. In conventional 1 ms coherent integration, when the
integration process crosses data bit reversions, the integration results are attenuated.

Suppose that bit reversions occur in Nv (0 ≤ Nv ≤ Nc), namely:

DkHk

{
1 for 0 < k < Nv
−1 for Nv < k < Nc − 1

(4)

The CC integration in Equation (3) can be expressed as:

Y(k) =
1

Nc

Nc−1∑
n=0

sIF (n) · sL(n)

=
1

Nc

[
Nv−1∑
n=0

sIF (n) · sL(n) +
Nc−1∑
n=Nv

sIF (n) · sL(n)

]

= 0·5AR(δτ ){sinc[πδfd(k)Nv] exp[ j · φk + jπδfd(k)(Nv − 1)]

− sinc[πδfd(k)(Nc − Nv)] exp[ j · φk + jπδfd(k)(Nc + Nv − 1)]} (5)

When Nv = Nc/2, Y(k) can be rewritten as:

Y(k) = 0·5AR(δτ )sinc[0·5πδfd(k)Nc]

× {exp[ j · φk + jπδfd(k)(0·5Nc − 1)] − exp[ j · φk + jπδfd(k)(1·5Nc − 1)]}
= 0·5AR(δτ )sinc[0·5πδfd(k)Nc]

× exp(j · φk) exp[ jπδfd(k)(0·5Nc − 1)]{1 − exp[ jπδfd(k)Nc]} (6)

Then, the decision variable of CC integration is determined as:

|Y(k)|2 = {0·5AR(δτ )sinc[0·5πδfd(k)Nc] exp(j · φk) exp[ jπδfd(k)(0·5Nc − 1)]}2

× {1 − exp[ jπδfd(k)Nc]}2

= 0·25A2{R(δτ )sinc[0·5πδfd(k)Nc]}2

× {exp(j · φk) exp[ jπδfd(k)(0·5Nc − 1)]}2 · 2{1 − cos(πδfd(k)Nc)} (7)
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Figure 1. Accumulation results of 1 ms coherent combination.

When δfd is equal to zero, {1 − cos(πδfd(k)Nc)} is equal to zero too. When δfd is equal to
1/2 Nc, which is 500 Hz, {1 − cos(πδfd(k)Nc)} will reach its maximum. Therefore, the peak
in the frequency axis splits into two components and is no longer consistent with the right
Doppler bin.

Figure 1 presents the accumulation results of a 1 ms coherent combination. The fre-
quency bin width is 500 Hz and the bin width of the code dimension is 0·5 chips. Figure 1
shows that the peak in the frequency axis splits into two components when the integration
process crosses bit transitions. The corresponding Doppler bin of the peak is 500 Hz and
indicates a failed acquisition. Therefore, for BeiDou signals, the data bit transitions will
bring in a large frequency error because of NH codes.

2.3. Conventional acquisition algorithm of BeiDou signal. In every 6 ms segment of
the NH code (0, 0, 0, 0, 0, 1, 0, 0, 1, 1, 0, 1, 0, 1, 0, 0, 1, 1, 1, 0), there must be two consecutive
bits which have the same sign. Therefore, the 1 ms CC method is repeated consecutively
six times and the maximum peak magnitude of these six consecutive results can be detected
to estimate acquisition parameters.

The zero-padding method is another effective strategy to eliminate the effect of NH code.
This method involves three steps:

(1) An incoming signal of 2 ms is correlated with a local carrier in the frequency
dimension with the frequency bin of 500 Hz for Doppler removal.

(2) The 1 ms locally generated code sequence is appended by 1 ms zeros to form the
extended replica.

(3) The incoming signal after Doppler removal is correlated with the replica. Fast-
Fourier Transformation (FFT) and Inverse FFT (IFFT) can be used here. The first
1 ms of the correlation result is used for peak detection. The location along the
time axis is the millisecond boundary and the location along the Doppler axis is
an estimate of the Doppler frequency.
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Figure 2. Amplitude attenuation of integration due to frequency deviation. The integration time Tcoh is 20 ms.

In these two methods above, the effective integration time is only 1 ms and the
acquisition success rate of 1 ms ranging code is very low for weak signals. Therefore, a
long integration time is needed to increase the acquisition sensitivity.

2.4. A long NH-PRN code acquisition algorithm. To increase the acquisition sensitiv-
ity, first a long NH-PRN code is modified to extend the integration time. The long NH-PRN
modulated code is formed by multiplying NH code with the locally generated PRN code.
The locally generated signal sequence is:

sNH-PRN(n) = H (nTs − ψ̂L)c(nTs − τ̂L) exp[ j · 2π ( fIF + f̂d,L)nTs] (8)

Here, the equivalent CC integration time Tcoh is 20 ms, the integration result is:

YNH-PRN (k) = 0·5ADkH (δϕ)R(δτ )sinc[δfd(k)Tcoh] exp[ j · φk + jπδfd(k)Tcoh] (9)

where δϕ is the error of NH code delay estimation.
Here, sinc[δfd(k)Tcoh] is the amplitude attenuation of integration because of the fre-

quency deviation and Tcoh is 20 ms. Figure 2 shows that the amplitude shall be attenuated
to zero with a frequency deviation of an integral multiple of 50 Hz. When the frequency
deviation is 25 Hz, the amplitude attenuation 10 ∗ log 10(sinc[δfd(k)Tcoh]) shall be −1·9 dB.
Therefore, the frequency bin is chosen to be 25 Hz and then the search time is 400 times
for a frequency searching range of 10 kHz (Han et al., 2017).

3. PROPOSED ACQUISITION ALGORITHM FOR WEAK BEIDOU SIGNALS. In
order to eliminate the influence of NH code and increase the SNR, the differential coher-
ent algorithm is combined with the zero-padding method. For BeiDou weak signals, bit
reversions are more frequent with NH codes, so the algorithms for BeiDou signals must be
modified.
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3.1. Differential coherent algorithm. The differential coherent algorithm is imple-
mented on the coherent integration output. The present coherent integration result is
multiplied with the delay conjugate of the last one. The mathematical representation is:

Q(k) = Y(k) · Y(k − 1)∗ = [0·5AR(δτ )]2 exp( j · πδfdTc)

× DkDk−1HkHk−1sinc[δfd(k)Tc]sinc[δfd(k − 1)Tc] (10)

where (·)∗ denotes the conjugate operation, πδfdTc is the carrier phase deviation between
Y(k) and Y(k − 1) and the coherent integration time Tc is 1 ms. The sign of Q(k) changes
due to bit reversions.

Assuming the accumulation time is 20 ms, the accumulation result of differential
coherent values is defined as:

u∑
k=1

Q(k) =
u∑

k=1

Y(k) · Y(k − 1)∗ = [0·5AR(δτ )]2 exp( j · 2πδfdTc)

×
∑
k=1

DkDk−1HkHk−1sinc[πδfd(k)Tc]sinc[πδfd(k − 1)Tc] (11)

where u is the accumulation time.
For GPS legacy signals, the sign of the product can only change at each bit boundary,

so there is at most one change in 20 ms and it corresponds with the real bit boundary.
However, for BeiDou signals, the data bit rate increases to 1 kbps and 10 bit reversions
occur in every navigation data bit, so the differential coherent process of two consecutive
correlation outputs is not suitable.

3.2. Zero-padding and differential coherent acquisition algorithm. The sign of Q(k)
in Equation (10) depends on DkDk−1HkHk−1. The NH code is as long as the duration of
a navigation message bit, and Hk = Hk−20m, where m is an integer. If the delay time of
the differential coherent algorithm is 20 ms, HkHk−20 will equal to one and the sign of the
differential coherent result will only depend on transitions of the navigation data and have
nothing to do with NH code transitions.

In the proposed algorithm the differential delay time is modified to 20 ms to weaken the
effect of NH code. The steps of the proposed algorithm are as follows:

Step 1. Continuous zero-padding.

(1) Incoming signal samples of 2 ms are used each time and half of the samples will be
replaced in a first-in first-out fashion every 1 ms. The incoming signals are correlated
with the local carrier in the frequency dimension with the frequency bin of 500 Hz
for Doppler removal. Then, the FFT of the incoming signal samples is taken.

(2) The 1 ms locally generated code sequence is appended by 1 ms zeros to form the
extended replica. FFT and complex conjugate of the extended replica are taken.

(3) The incoming signal after Doppler removal is multiplied with the replica for corre-
lation operation. Then, IFFT is operated on the products. Instead of peak detection,
the first 1 ms of the correlation result is stored.

Step 2. Differential coherent algorithm with long delay time.
The differential coherent algorithm is operated on the stored 1 ms correlation result. The

delay time of differential coherent algorithm is modified to 20 ms and HkHk−20 = 1. The
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mathematical representation is:

Z(k) = Y(k) · Y(k − 20)∗ = [0·5AR(δτ )]2 exp( j · πδfdTc)

× DkDk−20HkHk−20 sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc]

= [0·5AR(δτ )]2 exp( j · πδfdTc)

× DkDk−20 sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc] (12)

where πδfdTc is the carrier phase deviation between Y(k) and Y(k − 20).
The accumulation time is set to 10 ms and the accumulation result of differential

coherent algorithm values is:

10∑
k=1

Z(k) =
10∑

k=1

Y(k) · Y(k − 20)∗ = [0·5AR(δτ )]2 exp( j · 2πδfdTc)

×
10∑

k=1

DkDk−20 sinc[πδfd(k)Tc] sinc[πδfd(k − 20)Tc] (13)

here,
∑10

k=1 sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc] represents the effect of frequency deviation.
Step 3. Acquisition detection.
As the signs of the modified differential coherent result only depend on transitions of

the navigation data, two continuous 10 ms accumulations of differential coherent values
are needed, one of which crosses bit transition. Then the maximum peak magnitude of
these two results can be detected to estimate acquisition parameters. The location along
the time axis is the millisecond boundary and the location along the Doppler axis is an
estimate of the Doppler frequency. Then, based on the estimated acquisition parameters,
tracking loops can be carried out to obtain measurements (Xie et al., 2017).

3.3. Performance analysis. In Equation (5),
∑10

k=1 sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc]
is the effect of frequency deviation in the proposed algorithm. In Equation (9),
sin c[δfd(k)Tcoh] represents the frequency deviation effect of the acquisition algorithm based
on a long NH-PRN code. In order to compare the frequency deviation effects of these two
algorithms, approximations should be made to

∑10
k=1 sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc]. As

δfd changes slightly in a single search, δfd(k) can be approximately equal to δfd(k − 20) and
sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc] can be approximately equal to sinc[δfd(k)Tc]2 as:

10∑
k=1

sinc[δfd(k)Tc] sinc[δfd(k − 20)Tc] ≈
10∑

k=1

{sinc[δfd(k)Tc]}2 ≈ 10{sinc[δfd(k)Tc]}2

(14)

10{sinc[δfd(k)Tc]}2 = 10{sinc[0·001δfd(k)]}2 � sinc[δfd(k)Tcoh] = sinc[0·02δfd(k)] (15)

where Tc = 1 ms, Tcoh = 20 ms.
The effect of frequency deviation in the proposed algorithm is much smaller than the

acquisition algorithm based on long NH-PRN code. Because Tc = 1 ms, the frequency bin
can be 500 Hz and then the number of searches is 20 for a frequency searching range of
10 kHz.
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4. SIMULATION RESULTS AND ANALYSIS. To achieve a comprehensive assess-
ment of the proposed acquisition scheme, Monte Carlo simulations and real data tests were
carried out. Monte Carlo simulations were conducted to analyse the sensitivity performance
and real data tests were conducted to verify the feasibility of the proposed acquisition
scheme.

4.1. Monte Carlo simulation test. The simulation platform is shown in Figure 3,
which consisted of BeiDou B1I IF signal generation and software receiver baseband
processes. The BeiDou IF signal was generated according to the trace and ephemeris
parameters and additional white Gaussian noise was generated according to the C/N0
settings. The parameters used in Monte Carlo simulations are shown in Table 1.

To prove the reliability of the proposed algorithm, Monte Carlo simulations were car-
ried out to evaluate the sensitivity with different C/N0s. Additional white Gaussian noise
was generated for each trial, and 1,000 trials were used for each probability. Monte Carlo
simulations of different algorithms were conducted for comprehensive evaluation.

First, the performance of two traditional BeiDou signal acquisition methods were tested.
The detection probabilities are plotted as a function of the C/N0s in Figure 4. The blue
line indicates the performance of the 6 ms repeated search acquisition method and the red
line indicates the performance of the zero-padding acquisition method. Using the repeated
search acquisition method, the detection probability was 0·83 at C/N0 of 32 dB-Hz. How-
ever, the detection probabilities were 0·56 at C/N0 of 32 dB-Hz and 0·83 at 33 dB-Hz using

Figure 3. The diagram of the platform for Monte Carlo simulations.

Table 1. Parameters used in Monte Carlo simulations.

Parameters Values

IF frequency 4·1304 MHz
Sampling frequency 16·3676 MHz
C/N0 20∼38 dB-Hz
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Figure 4. Detection probabilities of two traditional BeiDou signal acquisition methods under C/N0s of
27∼37 dB-Hz.

Figure 5. Detection probabilities of the proposed algorithm under the C/N0s of 20∼38 dB-Hz.

the zero-padding method. The sensitivity of the repeated search acquisition method was
about 1 dB better than the zero-padding method.

Secondly, the performance of the proposed algorithm was tested. The black line in
Figure 5 indicates the detection probability of the proposed algorithm. The detection
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Figure 6. Detection probabilities of non-coherent combination algorithm under the C/N0s of 20∼38 dB-Hz.

probability was 0·94 at C/N0 of 22 dB-Hz using the proposed algorithm and the acquisition
sensitivity was about 10 dB better than the traditional BeiDou signal acquisition methods.

Finally, a Non-Coherent (NC) combination algorithm based on zero-padding was made
to compare with the proposed algorithm. The non-coherent algorithm was operated on the
zero-padding result and the mathematical representation is:

u∑
k=1

Y(k)2 =
u∑

k=1

|0·5ADkHkR(δτ ) sinc[δfd(k)Tc] exp[ j · φk + jπδfd(k)Tc]|2 (16)

where u is the integration time.
The performance of the NC combination algorithm was tested. The detection proba-

bilities are plotted as a function of the C/N0s in Figure 6. The green line indicates the
performance of the NC algorithm with an integration time of 20 ms and the pink line indi-
cates the NC algorithm with an integration time of 10 ms. Using the NC algorithm, the
detection probability was only 0·79 at C/N0 of 27 dB-Hz with an integration time of 10 ms
and was 0·64 at C/N0 of 25 dB-Hz with an integration time of 20 ms. This is because the
noise was also squared and averaged toward a non-zero value. This value is referred to as
the squaring loss which attenuates the SNR gain of the NC method significantly.

It is clear that the proposed algorithm outperforms the NC combination algorithm
and the detection probability of the proposed algorithm is always higher than the NC
combination algorithm.

The results show that the detection probabilities of the traditional BeiDou signal acquisi-
tion methods are very low in a weak signal environment. In contrast, the proposed algorithm
outperforms the NC combination algorithm and the acquisition sensitivity of the proposed
algorithm is about 10 dB better than the traditional BeiDou signal acquisition methods.
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Figure 7. The BeiDou B1I receiver test platform.

(a)

(b)

Figure 8. Accumulation results of PRN-9 in an open area: Top traditional 6 ms repeated search algorithm;
Bottom the proposed algorithm.
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(a)

(b)

Figure 9. Accumulation results of PRN-9 under dense foliage: Top traditional 6 ms repeated search algorithm;
Bottom the proposed algorithm.

4.2. Real data tests. In order to confirm the feasibility of the proposed algorithm, real
data tests were carried out. The BeiDou B1I receiver used was developed by the Naviga-
tion Research Center, Nanjing University of Aeronautics and Astronautics (NRC, NUAA)
and the hardware structure was developed by Shanghai Yuzhi. As shown in Figure 7, the
receiver test platform consisted of a DSP-TMS320C6713B and an FPGA-EP4CE115F23,
and an AD8347 was used as the quadrature down-conversion mixer. The sampling fre-
quency was 62 MHz and the IF carrier frequency was 4·098 MHz. The proposed algorithm
and the traditional 6 ms repeated search algorithm were processed in the receiver at the
same time.

First, the antenna was placed in an open area. The number of visible satellites was
ten using the traditional 6 ms repeated search algorithm and was 11 using the proposed
algorithm. Satellite #9 is used as an example and the acquisition result is shown in Figure 8.
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The peak amplitude in the proposed algorithm was much higher than for the traditional
algorithm.

Next, the antenna was placed under dense foliage. The number of visible satellites was
three using the traditional 6 ms repeated search algorithm and was 11 using the proposed
algorithm. Satellite #9 is used as an example and the acquisition result is shown in Figure 9.
Under dense foliage, the peak of traditional algorithm was not obvious and acquisition of
satellite #9 failed. However, in the proposed algorithm, the peak is still obvious. Therefore,
the acquisition sensitivity is higher than the traditional algorithm.

5. CONCLUSIONS. In order to realise acquisition for weak BeiDou signals, an acqui-
sition algorithm based on zero-padding and modified differential correlation is proposed.
First, zero-padding is used to realise 1 ms correlation and weaken the effect of NH code.
Second, the differential delay time is set to be 20 ms to remove the influence of NH code
and extend the integration time to 10 ms.

Monte Carlo simulations were carried out to analyse the sensitivity performance of the
proposed algorithm compared with traditional algorithms and NC algorithm under C/N0s of
20∼38 dB-Hz. The results show that the proposed algorithm outperforms more traditional
methods in weak signal environments. The acquisition sensitivity is about 10 dB higher
than the traditional 6 ms repeated search algorithm.

The proposed algorithm can remove the effect of BeiDou NH code and effectively
increase the acquisition sensitivity.
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