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Abstract: In order to solve the problem of ambiguous acquisi-
tion of BOC signals caused by its property of multiple peaks, an
unambiguous acquisition algorithm named reconstruction of sub
cross-correlation cancellation technique (RSCCT) for BOC(kn, n)

signals is proposed. In this paper, the principle of signal decompo-
sition is combined with the traditional acquisition algorithm struc-
ture, and then based on the method of reconstructing the cor-
relation function. The method firstly gets the sub-pseudorandom
noise (PRN) code by decomposing the local PRN code, then uses
BOC(kn, n) and the sub-PRN code cross-correlation to get the
sub cross-correlation function. Finally, the correlation peak with a
single peak is obtained by reconstructing the sub cross-correlation
function so that the ambiguities of BOC acquisition are removed.
The simulation shows that RSCCT can completely eliminate the
side peaks of BOC (kn, n) group signals while maintaining the nar-
row correlation of BOC, and its computational complexity is equiv-
alent to sub carrier phase cancellation (SCPC) and autocorrelation
side-peak cancellation technique (ASPeCT), and it reduces the
computational complexity relative to BPSK-like. For BOC(n, n),
the acquisition sensitivity of RSCCT is 3.25 dB, 0.81 dB and
0.25 dB higher than binary phase shift keying (BPSK)-like, SCPC
and ASPeCT at the acquisition probability of 90%, respectively.
The peak to average power ratio is 1.91, 3.0 and 3.7 times higher
than ASPeCT, SCPC and BPSK-like at SNR = – 20 dB, respec-
tively. For BOC(2n, n), the acquisition sensitivity of RSCCT is
5.5 dB, 1.25 dB and 2.69 dB higher than BPSK-like, SCPC and
ASPeCT at the acquisition probability of 90%, respectively. The
peak to average power ratio is 1.02, 1.68 and 2.12 times higher
than ASPeCT, SCPC and BPSK-like at SNR = – 20 dB, respec-
tively.
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1. Introduction

With the development of radio technology and the increas-
ing demand of people, the global satellite navigation tech-
nology is booming. Crowded frequency band resources,
positioning accuracy and reliability have become an ur-
gent problem to be solved. With the birth and develop-
ment of major global navigation systems as well as mili-
tary and civilian applications in different aspects, naviga-
tion signals of different modulation modes need to share
the same frequency band. With the development of urban
architecture, it is required that the navigation signal has
some anti-multipath effect to ensure positioning accuracy.
Considering the requirements in the above two aspects of
the user, the binary offset carrier (BOC) modulation was
introduced [1]. The signal energy of the BOC signal is
mainly distributed on both sides of the center frequency
so that it can be well compatible with the binary phase
shift keying (BPSK) signal [2]. And its auto-correlation
peak is steeper than BPSK signal’s, which has better anti-
multipath performance and higher tracking accuracy. How-
ever, the multi-peak property of the BOC correlation func-
tion results in ambiguity in both its acquisition and track-
ing, which may be mistakenly synchronized to the side-
peak of the correlation function, so it is critical to master
the unambiguous synchronization technique of BOC.

With the introduction of the BOC modulation, many ac-
quisition methods for the BOC signal are proposed, which
are mainly divided into the ones based on the traditional
BPSK spectrum and reconstruction of the correlation func-
tion. The typical processing algorithms based on the tradi-
tional BPSK spectrum are as follows: The traditional par-
allel code phase search algorithm is applied to the BOC
signal, which can be successfully caught under the con-
dition of high signal-to-noise ratio (SNR), but basically
belongs to the ambiguous acquisition algorithm [3]. The
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BPSK-like algorithm takes advantage of the characteris-
tics of BOC, which is similar to moving the BPSK signal
to two sides of the spectrum; the local pseudorandom noise
(PRN) code is moved correspondingly; then BOC is cap-
tured by the method suitable for BPSK. Although BPSK-
like can remove the ambiguities of BOC and its structure
is simple, its correlation peak similar to BPSK and there
is no advantage of the narrow correlation [4]. Sub carrier
phase cancellation (SCPC) uses a pair of orthogonal lo-
cal BOC codes to remove the effect of sub-carrier on the
acquisition of the BOC signal, and the result is similar to
BPSK-like [5].

This kind of acquisition algorithm based on traditional
BPSK removes ambiguities by sacrificing the narrow cor-
relation of BOC. Consequently, this kind of algorithm has
not been widely used. And, the processing method based
on reconstruction of the correlation function has become a
research hot-spot, in which autocorrelation side-peak can-
cellation technique (ASPeCT) has attracted intense atten-
tion [6]. The essence of ASPeCT is that the received signal
wipping off the carrier is not only correlated with the local
BOC code but also correlated with the local PRN code, and
then obtains a new correlation function by these two cor-
relation values to eliminate ambiguities. This method can
effectively restrain the side peak of the BOC correlation
and maintain the narrow correlation, but it is only suitable
for BOC(n, n). The acquisition algorithm based on frac-
tal reconstruction can get the correlation function without
side peaks by folding [7]. Its computation complexity is
low; the correlation peak is 43.7% higher than that of the
ASPeCT algorithm; and it is suitable for BOC(kn, n) sig-
nals. However, this method makes the peak slope steeper
by increasing the amplitude of the main peak, so the main
peak width is similar to that of BPSK. Ji et al. [8] pro-
posed an acquisition algorithm that is significantly supe-
rior to ASPeCT in terms of computation and sensitivity.
The algorithm divides the local BOC code into odd and
even units, and then reconstructs the correlation function
between the parity unit and the received signal, but the al-
gorithm is also only suitable for BOC(n, n). In this pa-
per, an unambiguous acquisition algorithm belonging to
this class is presented. It is based on the combination of
two sub cross-correlation functions that remove the inhe-
rent BOC(kn, n) auto-correlation side peaks.

This paper is organized as follows: Section 2 gives the
principle of reconstruction of sub cross-correlation can-
cellation technique (RSCCT); Section 3 describes the the
analysis process of detection performance; performance
evaluation results obtained by theoretical analysis and sim-
ulations are provided in Section 4; finally, some conclu-
sions are drawn in the last section.

2. Principle of RSCCT

2.1 Correlation characteristics of BOC(kn, n)

BOC(kn, n) modulation signals are derived from tradi-
tional GNSS signals [9], and only multiply a square-
wave sub-carrier on the basis of the BPSK modulation.
BOC(kn, n) signals in time domain can be modeled as

sBOC(kn,n)(t) = Ad(t)c(t)sign(sin(2πfsct)) (1)

where A is the signal’s amplitude; d(t) represents the
navigation data; c(t) is the PRN spreading code; and
sign(sin(2πfsubt)) represents the square-wave sub-carrier.
Using f0 = 1.023 MHz as the reference frequency,
BOC(kn, n) is characterized by its spreading code fc =
nf0, and its sub-carrier frequency fsc = knf0. N =
2kn/n = 2k is defined as the modulation order of
BOC(kn, n). The product of PRN and sub-carrier is de-
fined as the BOC code, which is expressed as

sBOC(t) = c(t)sign(sin(2πfsct)). (2)

Because of the correlation characteristics of the two
parts of the PRN code and the sub-carrier, BOC(kn, n)
has multiple correlation peaks. The multi-peak feature of
the correlation function will not only cause ambiguities of
acquisition, but also need specific algorithms for captur-
ing BOC signals with different orders. The auto-correlation
function RB(τ) of BOC(kn, n) and its cross-correlation
function RB/P (τ) with PRN can be given [10,11] by

RB(τ) =
N−1∑
i=1

{[
(−1)itri− i

N
(τ) + (−1)itri i

N
(τ)

]
·

N − i

N

}
+ tri0(τ) (3)

RB/P (τ) =

N/2∑
i=1

{[
tri− 2i−1

N
(τ) + (−1)tri 2i−1

N
(τ)

]
· 1
N

}
(4)

where τ is the code phase delay; N is the modulation order
of BOC; tri i

N
represents the triangular function of peak at

i × Tc

N
; and Tc = 1/fc represents a PRN code period.

Fig. 1 shows the comparison of the auto-correlation func-
tions of BPSK, BOC(n, n) and BOC(2n, n) signals, and
Fig. 2 is the comparison of cross-correlation functions.
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Fig. 1 Auto-correlation function

Fig. 2 Cross-correlation function

2.2 Generation of sub-PRN code sequences

Equation (2) with the form of rectangular pulse can be
modeled as

sBOC(t) =
+∞∑

j=−∞

N∑
i=1

[c(t)(−1)i−1pi(t − jTc)] (5)

where pi(t) represents a pulse signal and its expression is

pi(t) =
{

1, (i − 1)Tc/N � t � iTc/N

0, otherwise
. (6)

Similarly, the PRN code can be expressed by

sc(t) =
N∑

i=1

[c(t)pi(t)] =
N∑

i=1

sc,i(t) (7)

where sc,i(t) is defined as the ith sub-PRN code, which
means that each PRN code chip is divided into N seg-
ments; only the ith segment of the PRN is retained; and

the others are set to zero. Fig. 3 and Fig. 4 respectively
show the sub codes of PRN code decomposed at N = 2, 4.

Fig. 3 Decomposition of PRN at N = 2

Fig. 4 Decomposition of PRN at N = 4

2.3 Generation of sub-PRN code sequences

It is assumed that the cross-correlation characteristics be-
tween BOC(kn, n) and PRN sequences are ideal, and the
coherent integration time is Tcoh, then the cross-correlation
function RB/P (τ) of the BOC code and PRN code is

RB/P (τ) =
1

Tcoh

∫Tcoh

0

sBOC(t) · sc(t + τ)dt =

1
Tcoh

Tcoh

Tc

∫Tc

−τ

sBOC(t) · sc(t + τ)dt =

N∑
i=1

RB/Pi(τ) (8)

where

RB/Pi(τ) =
1
Tc

∫Tc

0

N∑
j=1

(−1)j−1pj(t)pi(t + τ)dt. (9)
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According to (5) to (9), it can be further expressed as

RB/Pi(τ) =
1

Tcoh

∫Tcoh

0

sBOC(t) · sc,i(t + τ)dt. (10)

Therefore, RB/Pi(τ) can be defined as the sub cross-
correlation function of the BOC code and the ith sub-PRN
code. Fig. 5 and Fig. 6 respectively show the normalized
sub cross-correlation function at N = 2, 4.

Fig. 5 Normalized sub cross-correlation functions at N = 2

Fig. 6 Normalized sub cross-correlation functions at N = 4

It can be seen from Fig. 5 and Fig. 6, no matter what
value N is, the product of RB/P1(τ) and RB/PN (τ)
can yield non-zero value only near the (0,0) point. In
addition, if RB/P1(τ) rotates 180◦ at the (0,0) point, it
will get RB/PN (τ). Therefore, after negating the prod-
uct of RB/P1(τ) and RB/PN (τ), a correlation function
RB/PN (τ) with one positive main peak and two negative
side peaks can be obtained, which is expressed as

RM = −RB/P1RB/PN . (11)

Considering the detection volume of acquisition output
is generally the form of | · | or | · |2, in order to further

remove the side peaks and increase the value of the main
peak, the final reconstruction of the correlation function is
equal to

RRSC =
∣∣RM + |RM |∣∣ =∣∣|RB/P1RB/PN | − RB/P1RB/PN

∣∣. (12)

According to the above principles, Fig. 7 shows the nor-
malized RM and RRSC for N = 2 and N = 4. With the
increase of the modulation order, the width of the main
peak, which is reconstructed by the correlation function,
will also be narrowed accordingly. At N = 2 and N = 4,
the theoretical width of the main peak should be 1 and
0.5 respectively, and RRSC is smaller than the theoretical
value, so it has a better narrow correlation performance.

Fig. 7 Reconstruction of correlation functions by RSCCT

3. Detection performance analysis
The intermediate frequency signal received by the receiver
can be expressed as

rIF(t) =
√

2Ad(t− τ)SBOC(t− τ) cos(2πfIFt+ θ)+Nn

(13)

where
√

2A is the signal’s amplitude; d(t) represents the
navigation data with a level of ±1; fIF is the intermediate
frequency; θ is the initial phase of carrier; τ is the code
phase delay; and Nn is assumed to be additive Gaussian
white noise with a mean of zero and a variance of σ2 [12].
The received signal after the carrier is wiped off is equal to

r(t) =
√

2Ad(t)SBOC · ej(2πΔft+θ) + Nn (14)

where Δf is the estimation error for the carrier frequency.
Supposing the correlation solution of the received signal

and the local PRN code is R(τ), and d(t) will not change
in Tcoh, then the result of the coherent integral output is
expressed as

rp(t)=Ad(t)R(τ) sin c(πΔfTcoh)ej(2πΔfTcoh+θ) +Nn≈
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Ad(t)R(τ) sin c(πΔfTcoh) + Nn. (15)

According to the principle of RSCCT, after generating
the local PRN, the first sub-PRN code sc,1(t) and the N th
sub-PRN code sc,N(t) are extracted by time division com-
ponents, and then multiply with r(t). The result of coher-
ent integration is obtained as follows:

S1 = Ad(t)RB/P1(τ) sin c(πΔfTcoh) + N1 =

S1(τ, Δf) + N1 (16)

SN = Ad(t)RB/PN (τ) sin c(πΔfTcoh) + NN =

SN (τ, Δf) + NN . (17)

Supposing the non-coherent accumulation time is Nnc,
the test statistics is

V=

Nnc∑
m=1

[|S1SN | − (S1SN )] ≈ 2
Nnc∑
m=1

[|S1SN |] =

2
Nnc∑
m=1

[|S1(τ, Δf) + N1| · |SN (τ, Δf) + NN |] =

2
Nnc∑
m=1

[|S1(τ, Δf)| · |S1(τ, Δf)|]+

2
Nnc∑
m=1

[|S1(τ, Δf)| · NN ] + 2
Nnc∑
m=1

[|SN (τ, Δf)| · N1]+

2
Nnc∑
m=1

(N1NN ). (18)

Equation (18) can be decomposed into

AV = 2
Nnc∑
m=1

[|S1(τ, Δf)| · |SN (τ, Δf)|] (19)

HV = 2
Nnc∑
m=1

[|S1(τ, Δf)| · NN ]+

2
Nnc∑
m=1

[|SN (τ, Δf)| · N1] (20)

NV = 2
Nnc∑
m=1

(N1NN). (21)

It can be understood from (19) to (21) that,
AV represents a pure signal with a mean value of
4NncA

2T 2
coh|RF (τ)||RL(τ)| and a variance of 0. HV de-

notes the amount of containing signals and noise with
mean 0 and variance 2NncA

2(RF (τ)+RL(τ))2σ2, NV is
a Gaussian white noise with mean 0 and variance 4Nncσ

4

[13]. Therefore, the mean value E(V ) and the variance
D(V ) for V are as follows:

E(V ) = 4NncA
2|RB/P1(τ)||RB/PN (τ)| (22)

D(V ) = 4Nncσ
4+2NncA

2(RB/P1(τ)+RB/PN (τ))2σ2.

(23)
Supposing there are two cases of H0 and H1. H0 in-

dicates Gauss white noise only. In this condition V is
Rayleigh distribution [14], and its mean and variance are
respectively expressed as

E(V |H0) = 0 (24)

D(V |H1) = 0. (25)

H1 indicates that both signals and noise exist. In this condi-
tion V obeys Rician distribution, and its mean and variance
are expressed as follows:

E(V |H0) = 4NncA
2|RB/P1(τ)||RB/PN (τ)| (26)

D(V |H1) = 4Nncσ
4 + 2NncA

2(RB/P1(τ)+

RB/PN (τ))2σ2. (27)

It is assumed that the prior probabilities are P (H0) and
P (H1), and the detection threshold is Vth. The false alarm
probability Pfa and the detection probability Pd of V can
be obtained as follows:

Pfa =
∫+∞

Vth

P (V |H0)dV (28)

Pd =
∫+∞

Vth

P (V |H1)dV. (29)

4. Simulation and analysis

4.1 Effectiveness of de-ambiguity and generality

In order to verify the effectiveness of de-ambiguity [15]
and generality of RSCCT, the 2-dimensional diagram of
the normalized correlation peak with the change of the
code phase is shown in Fig. 8 and Fig. 9 when N = 2
and N = 4, and using BPSK-like, SCPC, ASPeCT and
RSCCT acquisition schemes. The simulation environment
is as follows, frequency of sampling is fS = 40.920 MHz;
Doppler shift is fd = 1 500 Hz; code phase is 800 (sam-
pling points); the range of Doppler search is [ – 10 KHz,
10 KHz]; and Doppler stepping is 500 Hz, SNR = 0 dB.

It can be observed from Fig. 8 and Fig. 9 that although
these four algorithms all can remove the ambiguities for
N = 2, the main peak width of BPSK-like and SCPC is
2Tc consistent with the BPSK modulation signal, which
sacrifices the advantage of the narrow correlation charac-
teristic of BOC modulation signals. ASPeCT has a side
peak with an amplitude of 0.168 7 when the code phase
is ±0.35Tc, and RSCCT can completely remove the side
peak, and the main peak width is only 25% of the BPSK
signal equal to 0.5Tc.
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Fig. 8 The 2-D acquisition result at N = 2

Fig. 9 2-D acquisition result at N = 4

Therefore, RSCCT can not only effectively remove the
ambiguity of signal acquisition of the BOC(n, n) group,
but also preserve the narrow correlation of BOC signals
better than the other three algorithms. When N = 4,
BPSK-like and SCPC can effectively remove the related

side peaks, but cannot retain the advantage that the corre-
lation main peak of the high-order BOC will be narrowed
with the increase of the modulation order, and also degen-
erate to obtain the same correlation peak width as BPSK.
ASPeCT has side peaks of 0.474 8, 0.249 2 and 0.046 36
at ±0.25Tc, ±0.5Tc and ±0.675Tc, respectively, which
cannot remove the acquisition ambiguity for high-order
BOC signals. RSCCT can still completely remove all the
side peaks of the 4th-order BOC, and the main peak width
is only 0.3Tc equal to 60% of the 2nd order BOC and 30%
of the BPSK. The algorithm effectively exerts the narrow
correlation peak advantage of the high-order BOC signal.

4.2 Comparison of computation complexity

The block diagram of RSCCT is illustrated in Fig. 10. The
algorithm is simple in structure. Its carrier peeling mod-
ule is consistent with the traditional one. And in the local
code generation module, BPSK-like has to move the PRN
code up and down through two multiplications. ASPeCT
needs to generate PRN code and BOC code, and RSCCT
generates two sub-PRN codes.

Simulate the 1 ms received signal under the same sim-
ulation environment as Section 4.1. The frequency search
times are 41, and the sample point is 40 920, so an FFT is
required to operate on 44 points. One complex multiplica-
tion is equal to 4 real multiplications and 2 real additions,
and one complex plus is equal to 2 real numbers plus. Thus
BPSK-like requires 122 893 072 real multiplications and
104 438 152 real additions. Both SCPC and ASPeCT re-
quires 122 893 072 real multiplications and 104 438 152
real additions. RSCCT requires 122 893 072 real multi-
plications and 104 438 152 real additions. The required
real multiplication ratio of BPSK-like, SCPC, ASPeCT
and RSCCT is 1.000 0: 0.863 5: 0.863 5: 0.877 1, and the
required real addition ratio is 1.000 0: 0.935 7: 0.935 7:
0.935 7. Therefore, RSCCT can save more than 15% of
multiplication and 6.5% of addition operation compared
with the BPSK-like algorithm, which is similar to SCPC
and ASPeCT.

Fig. 10 Block diagram of RSCCT



858 Journal of Systems Engineering and Electronics Vol. 30, No. 5, October 2019

4.3 Acquisition probability

Set the SRN range of the simulation environment to
[ – 40 – 20], and other simulation conditions are consis-
tent with Section 4.1. The comparison of detection proba-
bility obtained by repeating 3 000 acquisition experiments
using BPSK-like, SCPC, ASPeCT and RSCCT algorithms
under different SNRs is shown in Fig. 11 and Fig. 12. The
basis of correct detection is that the error between the code
phase detected by the algorithm and the set code phase is
less than 1/8Tc. The ratio of the correct detection times to
the total number of experiments is the acquisition proba-
bility [16].

Fig. 11 Acquisition probability at N = 2

Fig. 12 Acquisition probability at N = 4

As can be seen from Fig. 11 and Fig. 12, when N = 2,
the acquisition probability of the four methods is ranked

as RSCCT, ASPeCT, SCPC and BPSK-like. When the re-
quired acquisition probability is 90%, the acquisition sen-
sitivity of RSCCT is 3.25 dB, 0.81 dB and 0.25 dB higher
than BPSK-like, SCPC and ASPeCT respectively. When
N = 4, the acquisition probability of ASPeCT is lower
than that of the other three algorithms when the SNR is
less than – 30 dB because it cannot effectively suppress
the side peaks, and is less than BPSK-like until the SNR
reaches – 30 dB. When the acquisition probability is 90%,
the acquisition sensitivity of RSCCT is 5.5 dB, 1.25 dB
and 2.69 dB higher than BPSK-like, SCPC and ASPeCT,
respectively. It can be seen that the acquisition probabil-
ity of the RSCCT algorithm in different BOC modulation
orders and different SNRs is higher than that of the BPSK-
like and ASPeCT algorithm.

4.4 Peak to average power ratio

Peak to average power ratio is also an important indica-
tor for judging the capture performance of different algo-
rithms, and is defined as the ratio of the peak value to the
average value of the correlation result obtained by acqui-
sition. In the same simulation environment as Section 4.3,
the peak to average power ratio of the four methods un-
der different SNRs are obtained by repeating 3 000 exper-
iments as shown in Fig. 13 and Fig. 14.

Fig. 13 Peak to average power ratio at N = 2

It can be seen that RSCCT keeps the highest perfor-
mance compared with the other three algorithms under
different SNRs for N = 2, and the ranking of the four
algorithms is RSCCT, ASPeCT, SCPC and BPSK-like.
When SNR = – 20 dB, the value of the four algorithms are
279.2, 145.8, 92.81 and 75.18, respectively. And the results
of RSCCT are 1.91, 3.0, and 3.7 times higher than AS-
PeCT, SCPC, and BPSK-like, respectively. When N = 4,
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RSCCT remains the highest under different SNRs. AS-
PeCT is basically the same as RSCCT after the SNR is
higher than – 28 dB. When SNR = – 20 dB, the value of
the four algorithms are 291.8, 284.7, 173.8 and 137.5 re-
spectively. And the results of RSCCT are 1.02, 1.68 and
2.12 times higher than ASPeCT, SCPC, and BPSK-like,
respectively.

Fig. 14 Peak to average power ratio at N = 4

5. Conclusions
In this paper, an unambiguous acquisition algorithm based
on reconstructing the correlation function for BOC(kn, n)
is proposed. After the PRN code is decomposed accord-
ing to the order of the BOC signal, the first sub-PRN code
and the N th sub-PRN code are taken out as local codes to
complete the unambiguous acquisition of the BOC. The-
oretical analysis and simulations show that RSCCT has
the advantages of BPSK-like and SCPC’s versatility and
ASPeCT’s narrow correlation peaks. It is applicable to
all BOC(kn, n) signals and can take advantage of BOC
modulation with order. Although the computational com-
plexity of RSCCT has no obvious advantage over BPSK-
like, SCPC and ASPeCT, the acquisition probability and
the peak to average power ratio are greatly improved. For
BOC(n, n), the acquisition sensitivity of RSCCT is 3.25
dB, 0.81 dB and 0.25 dB higher than BPSK-like, SCPC
and ASPeCT at the acquisition probability of 90%, respec-
tively. The peak to average power ratio is 1.91, 3.0 and
3.7 times higher than ASPeCT, SCPC and BPSK-like at
SNR = – 20 dB, respectively. For BOC(2n, n), the ac-
quisition sensitivity of RSCCT is 5.5 dB, 1.25 dB and
2.69 dB higher than BPSK-like, SCPC and ASPeCT at a
acquisition probability of 90%, respectively. The peak to
average power ratio is 1.02, 1.68 and 2.12 times higher
than ASPeCT, SCPC and BPSK-like at SNR = – 20 dB,

respectively. The above data show that this method has
good acquisition performance and can be extended to all
BOC(kn, n) signals. And most modern GNSS uses even-
order BOC. Therefore, the RSCCT algorithm proposed in
this paper has a certain reference value for the acquisition
technology of modern GNSS receivers.
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