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ABSTRACT

Binary Offset Carrier (BOC) signal planned for future Global Navigation Satellite System (GNSS) provided better positioning
accuracy and smaller multipath error than GPS C/A signal. However, due to the multiple side peaks in the auto-correlation
function (ACF) of the BOC modulated signals, a receiver may false lock onto one of the side peaks in the tracking mode. This
false lock would then result in a fatal tracking error. In this paper, we propose an unambiguous tracking method for composite
BOC (CBOC) signals to mitigate this problem. It aims to reduce the side peaks of the ACF of CBOC modulated signals. It is
based on the combination of traditional CBOC correlation function (CF) and reference CF of unmodulated pseudo- random
noise code (PRN code). First, we present that cross-correlation function (CCF) with unmodulated PRN code is close to the
secondary peaks of the traditional CBOC. Then, we obtain an unambiguous correlation function by subtracting traditional
CBOC ACF from these CFs. Finally, the tracking performance for the CBOC signals is examined, and it is shown that the
proposed method has better performance than the traditional unambiguous tracking method in additive white Gaussian noise

(AWGN) channel.

Keywords: CBOC signal, pseudo correlation function, unambiguous tracking, side-peak cancellation

1. INTRODUCTION

A Global Navigation Satellite System (GNSS) provides the
position, velocity, and time synchronization information of
a user through the time of arrival of satellite signals and the
ephemeris extracted from the received signals by receiving
at least four navigation satellite signals (Borre et al. 2007).
Representative GNSS includes the Global Positioning
System (GPS) from the United States. In the early stage, GPS
was developed for military purposes; but it is currently used
in various social and economic fields (e.g., administration
and communication) as well as for military purposes
since part of the signal (GPS L1 C/A code) has been open
to the public. As services based on positioning through
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a mobile device including vehicle navigation have been
actively provided since the 2000s, demand for positioning
accuracy that accurately estimates one’s own position
has continuously increased. Thus, to provide high-quality
service by improving the positioning performance and
by overcoming the dependence on GPS from the United
States, independent GNSS projects have been planned
and developed, such as Galileo from the European Union,
COMPASS from China, and GLONASS from Russia (Misra &
Enge 2006).

Among them, the European Union performed the
development of a modernized signal of GNSS in cooperation
with the United States in 2004. The modulation technique
used for existing GPS L1C is the Binary Phase Shift Keying
(BPSK) modulation, where the power spectrum is bilaterally
symmetrical as the main lobe is located at the center
frequency (1575.42 MHz). The project was the development
of a common signal in the GPS L1 band and the Galileo E1
band using this center frequency (1575.42 MHz), and it was

http://www.gnss.or.kr Print ISSN: 2288-8187 Online ISSN: 2289-0866



108 JPNT 4(3), 107-114 (2015)

designed by separating the main lobe energy by half and by
moving it from the center frequency on the power spectrum,
considering the compatibility and interoperability with the
existing GPS signal. A signal that has been made through
this project is the Multiplexed Binary Offset Carrier (MBOC).
Among MBOC modulation techniques, the pilot channel of
the GPS L1C signal selected the Time-Multiplexed Binary
Offset Carrier (TMBOC) technique, and Galileo from the
European Union selected the Composite Binary Offset
Carrier (CBOC) technique (Avila-Rodriguez et al. 2006, Hein
et al. 2006).

A signal that has been examined in this study is the CBOC
(6,1,1/11) signal from the European Union. As mentioned
earlier, the CBOC signal was designed so that it could
efficiently share frequency with the existing GPS signal and
the interference could be reduced; and it is capable of more
accurate positioning as the distortion of ACF by multipath
can be reduced due to a sharper main peak of the auto-
correlation function (ACF) compared to that of existing
BPSK, which is the advantage of the Binary Offset Carrier
(BOC) signal. However, it also has an ambiguity problem
due to positive and negative side peaks that BPSK does not
have, which is the disadvantage of the BOC signal, besides
the sharp main peak of ACF. The ambiguity problem
refers to a problem where false lock at the side peaks of
ACF occurs during signal tracking and thus the location
at which signal tracking is performed cannot be known. It
would eventually induce a large positioning error of up to
300m. Therefore, unlike BPSK, an additional technique for
eliminating ambiguity is required (Lee et al. 2009).

Representative existing techniques for eliminating
ambiguity include BPSK-Like (Martin et al. 2003), bump-
jumping (Fine & Wilson 1999), and side-peaks cancellation
(Chen et al. 2012). In the BPSK-Like technique, to eliminate
the effect of subcarrier that forms side peaks, single
sideband auto-correlations are performed in pairs for the
signals separated on both sides of a main peak; and based
on this, the peak is tracked using ACF that has been formed
in a shape similar to that of the ACF of BPSK. In the bump
jumping technique, separate tracking channels (very early
& very late) are added to both sides of a main peak at spots
that are one peak apart from the main peak, and accurate
tracking of the peak is determined by comparing the size
of the prompt tracking channel and the sizes of the very
early & very late tracking channels. Lastly, in the side-peaks
cancellation technique which is an innovative technique for
resolving ambiguity, a local replica signal with a waveform
that is different from that of a received signal is used, and
it is mixed with the correlation output result to produce an
unambiguous correlation function, which is then used to
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track the peak. Representative techniques include ASPeCT
(Julien et al. 2007) and SCPC (Chen et al. 2012), and most
of the mentioned techniques can be applied to a basic BOC
signal.

In particular, the ASPeCT technique used a PRN cross-
correlation function (CCF) in order to eliminate the side
peaks of BOC (n,n). Based on this, in the present study, a
new CBOC unambiguous function for the improvement of
signal tracking performance was proposed by significantly
decreasing side peaks and by partially decreasing the width
of a main peak further through the calculation of the ACF of
CBOC and the ACF of PRN.

The contents of this paper are as follows. In Chapter 2,
a CBOC signal and a correlation function are examined;
and in Chapter 3, the ACF and CCF of CBOC and PRN are
analyzed and a new unambiguous correlation function is
proposed based on this. In Chapter 4, based on simulation,
the performance of the proposed unambiguous correlation
function is compared with that of an existing technique.
Lastly, conclusions are drawn in Chapter 5.

2. SIGNAL MODEL

2.1 Multiplexed Binary Offset Carrier (MBOC) Signal

As mentioned earlier, the MBOC modulated signal was
planned as part of the modernization of Galileo and GPS
in order to improve the positioning performance at the
existing 1575.42 MHz band and to minimize interference
with the existing GPS. Before explaining the MBOC
modulated signal, the BOC signal, which is a superordinate
concept, is explained. The BOC (m,n) signal refers to a
signal that has been generated by multiplying PRN spread
code and subcarrier and by modulating it into sine wave
carrier. Thus, it is defined by two independent variables:
the subcarrier frequency, f,, (MHz), and the chip rate of the
Pseudorandom Noise code (PRN code), f. (Mchips/s). m is
defined as the ratio of subcarrier frequency, f,, to reference
frequency, (f,=1.023 MHz), (m = f,. / f;); and n is defined as
the ratio of PRN code chip rate, f;, to reference frequency
(n =f./f,). For example, BOC (2,1) indicates that it has a
subcarrier frequency of 2.046 MHz, and a PRN code chip
rate of 1.023 MHz.

MBOC signals are divided into two types: GPS L1C and
Galileo E1 OS signals, and they are defined by TMBOC and
CBOC, respectively. Basically, the MBOC (m,m’,k) signal
consists of two components: BOC (m,1) and BOC (m’,1),
and k represents the power spectrum ratio of BOC (m,1). In
general, it is expressed as an MBOC (6,1,1/11) signal, and



is generated through the combination of BOC (6,1), which
is a wide band, and BOC (1,1), which is a narrow band. A
standardized MBOC power spectrum equation that can
represent both TMBOC and CBOC is expressed in Eq. (1). In
this regard, Gyoc(,,1) and Ggog 1) represent the power spectra
of normalized BOC (1,1) and BOC (6,1), and are expressed
in Eq. (2a,b), respectively. Eq. (3) expresses the signal
waveform by PRN and data. Lastly, the signal of BOC (m,1)
can be expressed as Eq. (4) (Hein et al. 2006, Fantino et al.
2008).

10

1
GMBOC(G,I,l/lI)(f) = ﬁGsoc(l,l)(f) +EGBOC(6,1)(f) (1)

GBoc(u)(f) = S{SBOC(I,I)(t)} = J._w SBOC(I,I)(t)67‘/2”ﬁdt (Za)

GBOC(6,1)(f) = S{SBOC(G,I)(t)} = Ij SBOC(G,I)(t)eijZHﬁdt (2b)
Spry (1) = ZCI'pTL (r=IT¢) 3
J—

SBOC(m,l) () = Sppy (O - sgn[sin(2mmt / T;.)] (4)

where ¢, is the I-th PRN code with a value of +1 and a period
of L, and py, is the unit size rectangular waveform where the
width is the chip spacing, T..

Unlike the existing BPSK signal, subcarrier modulation
is performed for the BOC signal. This is because the
interference can be reduced and the frequency can be
shared when the existing BPSK spectrum signal energy
concentrated on the center frequency is symmetrically
separated based on the center frequency in the case of
the BOC modulated signal, and because the positioning
accuracy can be improved by forming ACF with a narrower
main peak. As a result, the tracking error decreases during
signal tracking, which improves the final position accuracy.
However, due to side peaks that the BPSK signal does
not have, there are multiple false lock points (FLP) in the
discriminator output for the BOC signal. FLP refers to a
discriminator zero-crossing point where the discriminator
output value indicates that it has been synchronized at a
proper location but in practice, it has been synchronized
at another peak. Fig. 1 shows the discriminator output
for BOC (1,1), where four FLPs are observed besides the
true lock point (TLP) which is the origin. The ambiguity
problem mentioned earlier refers to a problem where it is
synchronized at FLP in the signal tracking stage and thus
the location at which signal tracking is performed cannot
be known (Julien et al. 2004). MBOC also has this problem,
similar to the BOC signal. In Chapter 3, ACF for reducing
the FLP of CBOC is explained among the MBOCs.
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Fig. 1. Discriminator output for BOC (1,1).

2.2 Composite Binary Offset Carrier (CBOC) Signal

For Galileo E1, the CBOC organized by the weighted sum
of BOC (6,1) and BOC (1,1) is used as MBOC. In general, it is
expressed as CBOC(6,1,y), and y represents the proportion
of the BOC (6,1) power component in the total signal power.
The amplitude proportion of BOC (1,1) in the total signal is
a =./1-y, and that of BOC(6,1) is p E \/; Thus, the signal of
CBOC (6,1,1/11) can be expressed as Eq. (5), and the Galileo
E1 signal, S;,;, can be expressed as Eq. (6).

Scpoc i) = ASpoca () £ B Szocin () (5)
S,.(6)= L €ri-p (t)SCBOC(ﬁ,l,l/ll,'+') )
\/5 —€r1c (t)SCBOC(G,l,l/l 1,-) ()

_ L €rip (t)(aSBOC(l,l) )+ ﬁSBOC(G,l) ®) ©)
\/5 —€ric (t)(aSBOC(I,l) - ﬁSBOC(6,1) @)

The CBOC signal is broadly divided into aS,c ,(£)+
BSkoce1)(t) which is a subcarrier function for E1-B for
data transmission and aSgoc,1)(£) - BSsoc,)(t) which is a
subcarrier function for pilot E1-C for signal synchronization,
and they are expressed as CBOC (6,1,1/11,’+’) and CBOC
(6,1,1/11,"-"), respectively. In Eq. (5), e is the E1-B signal
which is generated based on navigation data and PRN code,
and e, is the E1-C signal which is generated based on
PRN code as a pilot component. Also, SC;, , is the BOC (1,1)
subcarrier component, and SC), is the BOC (6,1) subcarrier
component. As mentioned earlier, when y is 1/11, a and f
are \/% and \/TTl' respectively. Thus, the shape of the signal
element is as shown in Fig. 2 (Hein et al. 2006, Avila-
Rodriguez et al. 2006).
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Fig. 2. CBOC subcarrier (E1-B and E1-C).

The ACF of CBOC (6,1,1/11,'+/-") is expressed as Eq. (7a).
In this regard, the ACFs of BOC (1,1) and BOC (6,1) can be
separately defined as shown in Eq. (7b,c), respectively. T,
is the PRN code period, k=[2|7|], and y=[x] is a rounding-
up function that outputs the smallest integer y that satisfies
y=x.

T
RCBO(‘(G,I,LIL’H—‘) (f) =.[U SCBOC(G,I,I’llj(t)SCBUC(6,l,l/ll)(t+ f)dt

:J-TL {[D‘chu.l)(t)iﬂswc(ﬁ,n(’ﬂx }dt
’ ‘:aSBOC(Ll)(t +7) £ BSpocin(t+ 7)]
& Sy0c0(OSsocan (t+7)
:J‘TL +5 Ssoceen®Ssocn E+7) .
| 2aBS pocan (O Ssocin E+7)
taf SBOC(S,I)(t)SHOC(I,I)(t +7)

:azREOC(I_I)(T) + ﬂzRBOC(6,I)(T) 20 Ry 0.1 Rsoc6) (7) (73)

1-3]¢),  JeleT
2
1
RBOC(I,I)(T) =1-1+|7], ETC <zl T, (7b)
0 ,  otherwise
D"la-ple], [T
RBOC(G,I)(T) = (7¢c)
0 ,  otherw

Fig. 3 shows the ACF of CBOC (6,1,1/11,'+/-") along
with those of BPSK, BOC (1,1), and BOC (6,1). The ACFs
of the BOC (1,1) and CBOC signals had similar shapes,
but the CBOC ACF had a sharper main peak than BOC
(1,1). It is due to the BOC (6,1) component which is a
high-frequency component in CBOC, and more precise
positioning is enabled based on this. However, similar to
the existing BOC signal, CBOC also has side peaks, and this
causes an ambiguity problem. Therefore, an additional
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Fig. 3. The normalized correlation function for BOC and CBOC signal.

synchronization technique is required. Thus, in the next
chapter, an unambiguous correlation function that can
increase precision by significantly decreasing side peaks
and by making a sharper main peak based on the side-peak
cancellation technique is introduced.

3. PROPSED UNAMBIGUOUS
AUTOCORRELATION FUNCTION

Among the representative techniques for resolving an
ambiguity problem (BPSK-Like, bump-jumping, and side-
peaks cancellation), the technique proposed in the present
study is a kind of side-peaks cancellation technique which
makes new ACF by eliminating or minimizing the ACF side
peaks of an existing signal through generating a local signal
during the tracking of a CBOC signal.

The proposed technique generates ACF with a local



signal that consists only of PRN code as well as a local
signal such as transmission CBOC for tracking an existing
CBOC signal. The ACF of existing CBOC basically has large
negative side peaks on both sides of a main peak. This
characteristic is well represented in Fig. 4, which shows
the ACF of existing CBOC, the unambiguous correlation
function of CBOC proposed in the present study, the
absolute value of CBOC-PRN CCF using PRN for explaining
this, and the absolute value of existing CBOC ACF. To
eliminate these side peaks, the Julien technique using a
PRN cross-correlation function (Julien et al. 2007) was
applied in the present study. As shown in Fig. 4, for the
absolute value of the ACF between the CBOC signal and the
local PRN signal, |Rcgocpry|, the trend of the peaks on both
sides is similar to that of the absolute value of the ACF of
the existing CBOC, |Rcpoc,1,1/11,9|- Thus, an unambiguous
correlation function was generated using the difference
between the |Repocesi,111,9] @and the |Regoc pryl, which is the
absolute value of the ACF with the local PRN signal.

The PRN code sequence used in | Regocppy| Was assumed
to be the PRN sequence used in E1-C (i.e., pilot channel) for
signal tracking as shown in Eq. (3), and the auto-correlation
function with the CBOC signal is expressed in Eq. (8). In this
regard, tria(ﬂ is a function of x with a width of y centering
on «. Using this, to eliminate side peaks from the absolute
value of the ACF of existing CBOC, an unambiguous
correlation function was proposed in the present study
based on the difference from the absolute value of | Ros0c ppyl-
It is expressed as shown in Eq. (9).

TL
Repociprn (T) = jo SCBOC(é,l,l/llf—') (O)S gy (¢ +7)dt

- l(m‘ 1 (ij —tri, (iD (8)
2 5\L 2\ T

12 '

1 Rcumﬁ.‘.‘
........... IRes o s amy]
== _lRCHO{‘rI’RNl

0.8 —
Proposed
0.6

0.4
0.2
0 e

0.2

Normalized correlation function

-0.4

06 L L L L . L L L L
-1 08 06 04 02 ] 0.2 0.4 0.6 0.8 1

delay (TC)
Fig. 4. The normalized correlation function for CBOC.
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Ry posea (7) =| Repoc (7) |2 = | Resoc—prn (7) |2 9)

As shown in Fig. 4, the proposed unambiguous correlation
function, Rp,,,,. has significantly smaller side peaks than
the existing CBOC ACF R0, and has a sharper main
peak than the existing correlation function. Therefore, it
is expected that the signal tracking performance would be
improved due to the sharp main peak, and that ambiguity
where it is synchronized at side peaks could be reduced.

In addition, the discriminator output for CBOC
signal tracking can be expressed as shown in Fig. 5. The
discriminator used in this study was a noncoherent early
minus late power (NELP) discriminator. When compared
to the ACF of the existing CBOC, FLP where a discriminator
crosses zero points due to side peaks disappeared, and the
slope of the linear section with TLP became larger. Thus,
improvement in the signal tracking performance is expected
in the same noise environment.

The final output value through the discriminator is
expressed in Eq. (13), and the early-late discrimination
values of the I and Q channels, I, I,, Q. and Q,, are
expressed in Eq. (12), respectively. In this regard, when D is
the navigation data, A is the early-late spacing (with A<T),),
X(1) is the spread sequence, X(£)=X(£)*h(¢) is the filtered
spread sequence, and h(t) is the impulse response of the
receiver input filter, the raised cosine filter can be defined
as Eq. (10), where B, is the filter bandwidth and & is the roll-
off factor (0<£<1). Also, the cross-correlation function of
X(#) and X(#) is expressed in Eq. (11) (Van Dierendonck et
al. 1992).

h(t) =sinc(2B,, t){“’s(z”gBWt)} (10)

1-168°B21

0.6F wmmw Conventional ACF |
Proposed ACF

0.4

0.24

Discriminator output

-1 08 06 04 02 0 02 04 06 08 1
delay (TC)
Fig. 5. Discriminator outputs of correlation functions.
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R, (1) = jOTL X(2)X(t —7)dt = R, () *h(r) (11)

1,(r)=ADR,, (z’—%)sinc(feT)cos(ﬂfeT+He)+Ni£
1,(r)=ADR;, (T +%j sine(f,T)cos(z f,T +6,)+ N,
O,(r)=ADR;, [T—%Jsinc(feT)sin(ﬂ'feT+9€) +N g

0,(r)=ADR,, [z’ +%)sinc( fDsin(zfT+8)+N,, (12)

o) - WD+ GO Ui+ GO 13)

where f, is the frequency error; 6, is the phase error; N, N;;,
N, and N,

q,
and late components of the I and Q channels; and A is the

. are the noise components included in the early

amplitude of the signal.

The discriminator operates until the output of the
discriminator, d(1), becomes 0, by the numerically controlled
oscillator within the delayed lock loop (DLL). Eventually,
through the calculation of the cross-correlation function
between the BOC signal and the unmodulated PRN code,
Repoc.prys during signal tracking, the possibility of false
lock at the side peaks can be significantly decreased by
significantly reducing the side peaks; the slope of the
linear section of the discriminator increases by partially
decreasing the width of the main peak further; and the
signal tracking performance is improved by eliminating the
FLP.

4. SIMULATION

The performance of the unambiguous correlation
function proposed in this study was evaluated and
compared with that of the existing technique through
tracking error standard deviation (TESD) and multipath
error envelope (MEE) simulations for signal tracking. Table
1 summarizes the simulation parameters. B, is the loop filter
bandwidth; T, is the integration time; A is the chip width
used for the narrow correlator, which represents the interval
between early and late; and T is the PRN code speed.

TESD is defined as Zy257,, where o is the standard
deviation of D(7)|._,; G= Dd(:)|T:0 represents the slope when

the delay of the discriminator, 7, is 0; B, is the loop filter
bandwidth; and T;is the integration time (Lee et al. 2009).
Fig. 6 shows the tracking error standard deviation for the
CBOC signal depending on the carrier-to-noise ratio (CNR)
when the existing correlation function and the proposed
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correlation function were used, respectively. In this regard,
CNR is defined as P/N,, and N, is the noise power density.
The CNR region of interest was 20 ~ 50 [dB-Hz], and the
proposed correlation function showed a better tracking
error standard deviation than the existing correlation
function.

Figs. 7-9 show the multipath error envelope outputted by
changing the multipath delay using the line of sight (LOS)
signal and the multipath signals that have decreased by
a(0<a<1) times compared to the LOS signal due to multipath
and that have been delayed by 7 as shown in Eq. (14).

r(t) = AX(t)cos[(w, + @,)t + 6,1+ ﬁ:a,,AX(t —7,)cos[(@, + @)t + 6, +,1+n(t) (]4)

where w, is the basic frequency component, w, is the
frequency offset component due to Doppler and oscillator,
Rjy is the cross-correlation function between the filtered
code sequence and the code sequence of the received
signal, and 7, and ¢, are the delay time and phase
change components of the n-th NLOS signal component,
respectively. The NELP correlator output is expressed in Eq.

(15).

A
Ig(e) = ADsinc (fl){kxx )cos(z(/l+0 )+ Z a K)(X[;———r cos(nf,T +0, +4, )}+’\ £
2

A

2

/\ A

— ccs(/!/97+0e)+ Z n”RXX e+—-1, cos(r{f[ +0,+¢,)
2

1y () = ADsine(£,T) Ryl e

o

0p(¢) = ADsinc(/, T){ o
0, () = Al)smc‘(fl){

A
= sf;fr sin(@/,T +0, +8,)

NS

R ( smwfr+0)+2a R

A
G sm(rr/1+0 )+ 2 a, RXX(:+;4 sin(z/,T +0, + 4, )} (15)

Table 1.Simulation environment.
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Fig. 6. Tracking error standard deviation (TESD).
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For the simulation shown in Fig. 7, [N=1, ¢,=0.5, ¢,=0,7]
was used, and the performance was similar to that of the
existing technique. In addition, simulations were performed
by increasing the multipath component using the following
parameters when N=2 and N=3, as shown in Figs. 8 and
9, respectively, In the case of N=2, [¢,=0.2, ¢,=0,a,, ¢,=7,
7,=0.5T,] and [«,=0.2, ¢,=1, a,=0.5, ¢,=0, 7,=0.5T,] were used;
and in the case of N=3, [¢,=0.3, $,=0.3, $,=0, 7,=0.3T,, a,=0.5,
¢,=0, 7,=0.7T,] and [«,=0.3, ¢,=71, @,=0.3, ¢,=7, 7,=0.3T,
a;=0.5, ¢,=m1, 7,=0.7T,] were used. As a result, there was a case
where the performance was improved compared to that of
the existing technique, but there also were cases where the
performance deteriorated or the performance was similar.
Considering the main peak characteristics of the ACF of
the proposed technique, it was expected that the resolution
would be superior due to the narrow ACF main peak of the
multipath. However, it is thought that the performances
shown in Figs. 7-9 were observed because the model of
the received signal is based on the nonlinear combination
of the convolution term of R y,(7) and channel and the
convolution term of Ryocprn(7) and channel, rather than
the convolution form of Ry,,,,..(7) and channel, as shown
in Eq. (9). Also, it is thought that the proposed technique is
more robust to the effect of noise, rather than performance
improvement relevant to multipath.

5. CONCLUSIONS

In this study, an unambiguous correlation function
using a pseudo correlation function was proposed for the
tracking of CBOC signals. Based on the fact that the side
peak of CBOC ACF and the CCF of a pseudo correlation
function show similar trends, the height of the side peak
was significantly decreased using the difference between
the values obtained by taking an absolute value. The result
of the tracking error standard deviation simulation showed
that the proposed unambiguous correlation function
had superior signal tracking performance in various CNR
environments compared to the existing technique, and the
result of the multipath error envelope simulation showed
that the performances were similar in terms of multipath
delay. Therefore, studies on the robustness to multipath
delay are needed in the future based on the additional
supplementation of the unambiguous function.
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