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ABSTRACT

In this paper, cyclostationarity-based detection and identifi-
cation of binary offset carrier (BOC)-modulated signals is
considered. BOC-modulated signals are widely used in cur-
rent and next-generation global navigation satellite systems.
The cyclostationary properties of the BOC-modulated signals
are summarized and distinguishing features are discussed. A
multiple hypothesis testing problem is formulated for detect-
ing and identifying the strongest BOC-modulated signal from
a multi-signal mixture. Two cyclic detection and identifica-
tion tests are proposed. Their asymptotic distributions un-
der the null hypothesis, when only noise is present, are estab-
lished. Simulation results that show the very good detection
and identification performance of the proposed algorithms are
provided.

Index Terms— Binary offset carrier, cyclostationarity,
detection, modulation classification

1. INTRODUCTION

Signal detection and identification algorithms have appli-
cations, for example, in wireless communication and radar
systems. Signal detection has recently received considerable
interest in future wireless communications systems, such
as cognitive radio systems, for obtaining awareness about
the radio frequency spectrum [1]. Many of the commonly
employed wireless communication and radar signals exhibit
cyclostationarity. Cyclostationarity in these signals may be,
e.g., due to modulation and coding. One of the main benefits
of cyclostationarity-based algorithms is that cyclostationary
properties can be exploited in distinguishing different signals.

In this paper, we focus on cyclostationarity-based de-
tection and identification of binary offset carrier (BOC) -
modulated signals. BOC-modulated signals are widely used
in current and next-generation global navigation satellite sys-
tems (GNSSs) [2, 3]. The different GNSSs share and operate
in many of the same frequency bands. Hence, in general, the
received signal in a GNSS frequency band is a mixture of

This work has been supported by the Scientific Advisory Board for De-
fence.

BOC-modulated signals. We employ cyclostationarity-based
detection and identification algorithms with the goal of de-
tecting and identifying the strongest BOC-signal in a signal
mixture. These techniques can be used, e.g., in future GNSS
receivers to decrease the receiver complexity by reducing the
set of potential signals to be used for positioning to only the
strongest signals [4].

Cyclostationarity-based signal modulation identification
and classification methods have been considered, e.g., in [5–
7] and the references therein. However, cyclostationarity-
based BOC-modulated signal detection and identification has
been considered only in few previous works [4]. In [4],
a cyclic spectrum-based identification scheme for BOC-
modulated signals is proposed. However, the computational
complexity of the proposed scheme is high and the perfor-
mance at low signal-to-noise ratios (SNRs) is poor.

The contributions of this paper are as follows. We for-
mulate a multiple hypothesis testing problem for detecting
and identifying the strongest BOC-modulated signal from a
multi-signal mixture. We summarize the second-order cyclo-
stationary properties of BOC-modulated signals and identify
double the subcarrier frequency as a potential feature for iden-
tifying the strongest BOC-modulated signal. We propose two
cyclostationarity-based tests for signal detection and identifi-
cation. Moreover, we establish the asymptotic distributions of
the proposed test statistics under the null hypothesis. We pro-
vide simulation results showing the very good detection and
identification performance of the proposed algorithms.

2. PROBLEM FORMULATION

In this paper, we consider a scenario in which a mixture of
different BOC-modulated signals is received. The goal is to
detect and identify the strongest signal in the mixture. This
can be formulated as a multiple hypothesis testing problem:

H0 : x(k) = w(k)

Hi : x(k) =

d∑
i=1

Aisαi
(k) + w(k), |Ai| ≥ |Aj |, ∀j,

i = 1, . . . , d,

(1)
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where x(k) denotes the received signal, w(k) denotes inde-
pendent and identically distributed complex noise, sαi

, αi ∈
A, denote the zero-mean unit variance candidate signals, and
Ai denote their respective amplitudes.

3. BOC-MODULATED SIGNALS

A BOC-modulated signal can be expressed as [3]

s(t) =

∞∑
n=−∞

Nc−1∑
k=0

bncn,kg(t− nTs − kTc), (2)

where bn is the nth data symbol, ck is the kth chip of the
spreading code, Nc is the length of the spreading codes, Tc is
the chip period, Ts = NcTc is the symbol period, and g(t) is
a double BOC (DBOC) waveform given by

g(t) =

N1−1∑
i=0

N2−1∑
k=0

(−1)i+kq

(
t− i

Tc

N1
− k

Tc

N1N2

)
, (3)

where N1 = 2 fsc
fc

is the BOC-modulation order, fsc is the

subcarrier frequency, fc = 1
Tc

, and q(t) is a rectangular pulse

shape of unit amplitude and duration equal to Tc

N1N2
. Different

BOC-waveforms are obtained as follows [3]: N1 = 1 and
N2 = 1 for BPSK, N1 > 1 and N2 = 1 for SinBOC, and
N1 > 1 and N2 = 2 for CosBOC.

3.1. Cyclostationary properties

Assuming that bn are independent and identically distributed
(i.i.d.) and the spreading code cn,k is the same for each data
symbol, i.e., cn,k = ck, ∀n, the (conjugate) cyclic autocorre-
lation function of s(t) is given by [4]

Rα
ss(∗)(τ) =

Rbb(∗)

Ts
δ((αTs) mod 1)r

α
gg(∗)(τ)⊗ γα

cc(∗)(τ), (4)

where ⊗ denotes convolution, δ((αTs) mod 1) is the Kronecker
delta function having value 1 when α = k/Ts, k ∈ Z, and 0
otherwise, and

Rbb(∗) = lim
N→∞

1

2N + 1

N∑
n=−N

bnb
(∗)
n , (5)

γα
cc(∗)(τ) =

Nc−1∑
n1=0

Nc−1∑
n2=0

cn1
c(∗)n2

e−j2παn2Tcδ(τ − (n1 − n2)Tc),

(6)

rαgg(∗)(τ) = g(τ)⊗ [g(∗)(−τ)ej2πατ ]

=

∫
R

g(t+ τ)g(∗)(t)e−j2παtdt, (7)

and the (conjugate) cyclic spectrum of s(t) is given by [4]

Sα
ss(∗)(f) =

Rbb(∗)

Ts
δ((αTs) mod 1)G(f)G(∗)((−)(α− f))

· ΓαTc

cc(∗)(fTc), (8)

where

G(f) =

∫
R

g(t)e−j2πftdt,

= TB sinc

(
f
TB

N2

)(
1− (−1)N2e−j2πfTB

1 + e−j2πf
TB
N2

)

·
(
1− (−1)N1e−j2πfTc

1 + e−j2πfTB

)
e−j2πf

TB
N2 , (9)

Γβ
cc(∗)(ν) = C(ν)C(∗)((−)(β − ν)), (10)

C(ν) =
Nc−1∑
n=0

cne
−j2πνn, (11)

where TB = Tc

N1
and sinc(x) = sin(πx)

πx .
BOC-modulated signals are, thus, cyclostationary at cy-

cle frequencies α = k/Ts, k ∈ Z. In the following, we will
use double the subcarrier frequency α = 2fsc = N1/Tc =
N1Nc/Ts = 1/TB to identify the strongest BOC-modulated
signal. Double the subcarrier frequency is the strongest non-
zero conjugate cycle frequency and thus could allow identify-
ing the correct BOC-modulation provided that the subcarrier
frequencies among the potential signals are distinct, even if
the signals have overlapping cycle frequencies.

It is to be noted that the real-life signals used in GNSSs are
somewhat more complicated than the model employed above.
E.g., a more accurate cyclic spectral analysis of the real-life
GPS-L1 signal can be found in [8]. However, here our aim is
to perform a preliminary analysis with general BOC-models
without focusing too much on particular systems.

4. CYCLOSTATIONARITY-BASED DETECTION
AND IDENTIFICATION

We define the cyclostationarity-based detection and identifi-
cation statistic over a set of candidate signals sα(k), α ∈ A,
each associated with a distinct non-zero cycle frequency α, as

Z(∗) = max
α∈A

MN̂−2
0∑

τ∈T
|Rα

sαs
(∗)
α

(τ)|2

∣∣∣∣∣
∑
τ∈T

Rα

sαs
(∗)
α

(τ)∗R̂α
xx(∗)(τ)

∣∣∣∣∣
2

,

(12)
where M is the number of observations, T is a set of time
lags, Rα

sαs
(∗)
α

(·) denotes the (conjugate) cyclic autocorrelation

function of a candidate signal sα(k) defined by

Rα

sαs
(∗)
α

(τ) = lim
L→∞

1

2L+ 1

L∑
k=−L

E[sα(k+τ)s(∗)α (k)]e−j2παk,

(13)
R̂α

xx(∗)(τ) is the estimate of the (conjugate) cyclic autocorre-
lation function of the received signal x(k) defined by

R̂α
xx(∗)(τ) =

1

M

M∑
k=1

x(k + τ)x(∗)(k)e−j2παk, (14)

23rd European Signal Processing Conference (EUSIPCO)

2242



and N̂0 is the estimate of the noise variance defined by

N̂0 =
1

M

M∑
k=1

|x(k)|2, (15)

where it has been assumed that x(k) is zero-mean.
Detection is declared if the test statistic exceeds a prede-

fined threshold, i.e.,

Z(∗)
Hi

≷
H0

λ, (16)

where the threshold λ is selected such that the detection false
alarm rate p(Z(∗) > λ|H0) = pfa, where pfa is the desired
false alarm rate. Further, if a detection occurs, a candidate
signal is elected among the set of candidate signals such that
the elected candidate’s cycle frequency α maximizes Z(∗).

If the true (conjugate) cyclic autocorrelations Rα

sαs
(∗)
α

(τ)

of the candidate signals sα(k), α ∈ A, are unknown but the
cycle frequencies α are known, we employ the following test:

W(∗) = max
α∈A

MN̂−2
0

∑
τ∈T

∣∣∣R̂α
xx(∗)(τ)

∣∣∣2 Hi

≷
H0

γ, (17)

where γ is the test threshold selected such that the detection
false alarm rate p(W(∗) > γ|H0) = pfa.

4.1. Asymptotic distributions of the test statistics

Under some general assumptions, the (conjugate) cyclic auto-
correlation estimator is asymptotically complex Normal dis-
tributed [9, Theorem 6.4]: for every fixed αi and τi, i =
1, . . . , n, the random variables

Vi =
√
M
[
R̂αi

xx(∗)(τi)−Rαi

xx(∗)(τi)
]

(18)

are asymptotically (M → ∞) jointly complex Normal with
asymptotic covariance matrix Σ and asymptotic conjugate co-
variance matrix C with entries, respectively, given by:

Σik = lim
M→∞

Cov{Vi, Vk} = Sαi−αk

xτi
x(∗)x∗

τj
x∗(∗)(−αk) (19)

Cik = lim
M→∞

Cov{Vi, V
∗
k } = Sαi+αk

xτi
x(∗)xτj

x(∗)(αk), (20)

where Sα
xτi

x(∗)x∗
τj

x∗(∗)(f) and Sα
xτi

x(∗)xτj
x(∗)(f) denote

the cyclic spectrum and the conjugate cyclic spectrum of
y(∗)(k; τ) = x(k + τ)x(∗)(k), respectively. The cyclic spec-
trum is defined by

Sα
xτx(∗)x∗

ρx
∗(∗)(f) =

lim
M→∞

1

2M + 1

M∑
k=−M

∞∑
ξ=−∞

cum{y(∗)(k; τ), y∗(∗)(k + ξ; ρ)}

· e−j2πfξe−j2παk,
(21)

and the conjugate cyclic spectrum is defined by

Sα
xτx(∗)xρx(∗)(f) =

lim
M→∞

1

2M + 1

M∑
k=−M

∞∑
ξ=−∞

cum{y(∗)(k; τ), y(∗)(k + ξ; ρ)}

· e−j2πfξe−j2παk.
(22)

Under the null hypothesis, the mean of the (conju-
gate) cyclic autocorrelation estimator R̂α

xx(∗)(τ) is zero,
∀τ and ∀α 	= 0, and the asymptotic covariance of ri =∑

τ∈T Rαi

sαi
s
(∗)
αi

(τ)∗R̂αi

xx(∗)(τ) is given by

Σrirk |H0 =

{∑
τ∈T |Rα

sαs
(∗)
α

(τ)|2S0
xτx(∗)x∗

τx
∗(∗)(0), i = k

0, i 	= k,
(23)

where S0
xτx(∗)x∗

τx
∗(∗)(0) is estimated as Ŝ0

xτx(∗)x∗
τx

∗(∗)(0) =

N̂2
0 with N̂0 given by (15).

Furthermore, the asymptotic conjugate covariance of ri
and rk is under the null hypothesis equivalent to zero, i.e.,

Crirk |H0 = 0, ∀i, k. (24)

Consequently, it follows that Z(∗) is under the null hy-
pothesis a maximum of independent chi-square distributed
random variables with one complex degree of freedom and
W(∗) is a maximum of independent chi-square distributed
random variables with |T | complex degrees of freedom where
| · | denotes the cardinality of a set. The cumulative distri-
bution function of the maximum of d independent chi-square
distributed random variables with N complex degrees of
freedom is given by

F (x) =

(
γ(N,x)

Γ(N)

)d

, (25)

where γ(N,x) =
∫ x

0
tN−1e−tdt is the lower incomplete

gamma function and Γ(N) = (N − 1)!. In the above tests,
we have d = |A|.

5. SIMULATION RESULTS

In this section, we illustrate the performance of the proposed
cyclostationarity-based detection and identification scheme
with different BOC signal mixtures in additive white Gaus-
sian noise (AWGN) channels. We define the SNR in dB as
SNRdB = 10 log10

maxi |Ai|2
σ2
w

, where σ2
w denotes the noise

variance.
Fig. 1 illustrates that the established asymptotic distribu-

tions match accurately the empirical distributions under H0

in AWGN. The empirical curves have been obtained from
10000 independent experiments. The number of observations
is 10000, the number of time lags is 20, and the number of
potential systems (different cycle frequencies) is 12.

23rd European Signal Processing Conference (EUSIPCO)

2243



0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

x

F
(x

)

 

 

Empirical
Theory

WZ

Fig. 1. The empirical cumulative distribution functions
(CDFs) of the test statistics in (12) and (17) vs. the theoretical
asymptotic CDFs under H0 in AWGN.

In the first identification experiment, we consider a
mixture of three BOC-modulated signals: SinBOC(10,5),
SinBOC(15,2.5), and SinBOC(14,2), where SinBOC(m,n)
denotes a SinBOC-waveform with subcarrier frequency
fsc = mfref and chip frequency fc = nfref , where
fref = 1.023 MHz. These are examples of BOC-waveforms
proposed for GPS, Galileo, and BeiDou. The spreading se-
quences are Gold-codes of length 31. The goal is to detect
and identify the strongest signal in the mixture. The iden-
tification system classifies a detected signal to three classes
corresponding to the cycle frequencies equivalent to double
the subcarrier frequencies of the three candidate waveforms.
The sampling frequency is 64fref and the observation pe-
riod is 0.1s. The set of time lags used by the algorithms is
T = {±1,±2,±3,±4}.

Fig. 2 depicts the performance of the proposed detec-
tion and identification scheme as a function of the SNR. The
curves are averages over 1500 independent simulations. It
can be seen that exploiting the knowledge of the true cyclic
autocorrelation improves both the detection and identification
performance, i.e., test statistic Z∗ outperforms test statistic
W∗ in all cases. When the power differences among the sig-
nals are larger (b) the probability of correct identification is
very close to the probability of detection. With smaller power
differences among the signals (a) there is more confusion
between the signal classes and thus identification requires
considerably higher SNR to achieve accuracy comparable to
the detection accuracy.

Table 1 shows the confusion matrices for the proposed
identification schemes at SNR of -29 dB. For the test statis-
tic Z∗ the identification performances for the different signal
classes are very similar. In comparison, with the test statistic
W∗ SinBOC(14,2)-modulated signals are clearly the easiest
to identify.

Next, we consider another mixture of three signals: Sin-
BOC(2,1), SinBOC(3,1), and SinBOC(4,1). This is at least
in theory a harder signal mixture to correctly identify since
all of the signals share the same symbol and chip frequen-
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Fig. 2. Probabilities of detection and correct identification
of the strongest signal in a mixture of SinBOC(10,5), Sin-
BOC(15,2.5), and SinBOC(14,2) modulated signals vs. SNR
in AWGN for a false alarm rate of 0.05. The power differ-
ences among the signals are (a) 1 dB and (b) 3 dB.

cies. Hence, all of their cycle frequencies are overlapping
which is not the case in the former scenario. The sampling
frequency is in this case 48fref and the potential number of
classes is 12, i.e., SinBOC(m,1), m = 1, 2, . . . , 12. Conse-
quently, there are more potential classes (although the number
of signals is three and the signal classes are the same in each
simulation) which makes the identification harder. The set of
time lags used by the algorithms is T = {±1,±2, . . . ,±10}.
The other simulation parameters are the same as earlier.

Fig. 3 shows the detection and identification performance
of the proposed schemes as a function of the SNR in AWGN.
The false alarm rate parameter is 0.05. The curves are aver-
ages over 1500 independent simulations. When the power dif-
ferences among the signals (b) are large the correct identifica-
tion performance is very close to the detection performance.
Consequently, increasing the number of potential classes does
not appear to deteriorate the identification performance in this
case. However, when the power of the mixture components
are closer to each other (a) the identification performance de-
grades significantly. That is, SinBOC(2,1)- and SinBOC(3,1)-
modulated signals are incorrectly identified as SinBOC(4,1)-
modulated signals even at moderately high SNRs.
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Table 1. Confusion matrices for identifying the strongest signal in a three signal mixture of SinBOC(10,5), SinBOC(15,2.5),
and SinBOC(14,2) modulated signals at SNR of -29 dB in AWGN. The strongest signal power is 3 and 6 dB higher than the
second and third strongest signal powers, respectively.

Algorithm Signal class SinBOC(10,5) SinBOC(15,2.5) SinBOC(14,2) no detection

Z∗
SinBOC(10,5) 0.922 0.032 0.032 0.014
SinBOC(15,2.5) 0.010 0.946 0.040 0.004
SinBOC(14,2) 0.054 0.008 0.936 0.002

W∗
SinBOC(10,5) 0.774 0.040 0.038 0.148
SinBOC(15,2.5) 0.016 0.784 0.050 0.150
SinBOC(14,2) 0.079 0.016 0.853 0.052
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Fig. 3. Probabilities of detection and correct identification
of the strongest signal in a mixture of SinBOC(2,1), Sin-
BOC(3,1), and SinBOC(4,1) modulated signals vs. SNR in
AWGN for a false alarm rate of 0.05. The power differences
among the signals are (a) 1 dB and (b) 3 dB.

6. CONCLUSION

In this paper, cyclostationarity-based detection and iden-
tification of BOC-modulated signals has been considered.
The goal has been to detect and identify the strongest BOC-
modulated signal from a multi-signal mixture. We have iden-
tified double the subcarrier frequency as a potential cyclic
feature and proposed two cyclostationarity-based detection
and identification tests. Furthermore, we have established the
asymptotic distributions of the proposed test statistics under
the null hypothesis. Our simulation results show that the pro-
posed algorithms have very good detection and identification

performance even at very low SNRs.
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