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The GIOVE-B satellite — formally, 
the second Galileo In-Orbit Vali-
dation Element — was launched 
on April 27, 2008 and began 

transmission of ranging signals on May 
07, 2008. 

Unlike its predecessor GIOVE-A, 
GIOVE-B is meant to be a real proto-

type of future Galileo satellites: the 
signal generation and clocks are very 
close to what will be used by the fully 
operational capability (FOC) Galileo 
system. 

GIOVE-B is transmitting all the 
foreseen Galileo signals in all frequency 
bands: L1BC, L1A, E5a, E5b, E6A, and 
E6BC. 

Although the GIOVE-B navigation 
payload can transmit in all the Gali-
leo frequency bands simultaneously, 
at this early phase of the testing the 
all-frequency transmission has not yet 
occurred.

One of the main points of attention 
with GIOVE-B signals is the perfor-
mance of the new L1 multiplex binary 
offset carrier (MBOC) modulation, an 
improved alternative to the BOC(1,1) 
waveform as the Open Service signal 
on L1. BOC(1,1) was proposed in the 
original Galileo signal plan and has 
been transmitted by GIOVE-A, while 
MBOC was discussed as a possible 
replacement. 

Analyses of the GIOVE-A data have 
confirmed that the multipath perfor-
mance of the L1BC-BOC(1,1) was the 
worst among all the Galileo modula-
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tions. (This subject is addressed in the 
following papers listed in the Additional 
Resources section at the end of this arti-
cle: A. Simsky et alia [2006], A. Simsky et 
alia [2007], and M. Hollreiser et alia.) 

Due to the obvious importance of the 
L1 signal as the basis for all the single- 
and multi-frequency positioning tech-
niques, the green light was given to the 
implementation and testing of the L1-
MBOC on GIOVE-B.

The articles by G. Hein et alia, T. 
Stansell et alia, and G. Gibbons et alia 
listed in Additional Resources describe 
and discuss the L1-MBOC signal. 

An important part of the argu-
ment in favor of the MBOC modulation 
arose from the expectation that it would 
improve multipath suppression by add-
ing a higher-frequency BOC(6,1) mod-
ulation on top of BOC(1,1), either by a 
method of algebraic addition (composite 
BOC or CBOC) or by time multiplexing 
(TMBOC). 

The discussion in T. Stansell et alia 
and G. Gibbons et alia revolves around 
the cost/benefit analysis of the replace-
ment of BOC(1,1) with MBOC. Now, 
when the actual data is available from 
observations of the new Galileo signals 
in space, the real value of the benefits of 
the MBOC signal as well as implementa-
tion costs can be appreciated. 

In this article, we present the first 
results for the actual multipath of MBOC 

and evaluate the improvement relative to 
BOC(1,1) using the data collected at our 
antenna site in Leuven, Belgium. The 
pseudorange and phase measurements 
were logged on a GNSS receiver con-
nected to a wide-band antenna.

GIOVE-B can transmit three ver-
sions of the L1BC signal: BOC(1,1), 
CBOC, and TMBOC. At the time of 

this writing only BOC(1,1) and CBOC 
have been observed. Although our 
experimental results are based only on 
the CBOC data, they are also applicable 
to TMBOC because the multipath per-
formance of both versions of MBOC is 
expected to be practically identical.

More	About	CBOC
According to the general definition, 
CBOC signals place about 10 percent 
of the signal power in the BOC(6,1) 
component, which is added to the main 
BOC(1,1) modulation. This general defi-
nition allows for several possible imple-
mentations. 

The specific implementation of 
CBOC in GIOVE-B (and in future Gali-
leo) can be described as a single modula-
tion with a four-level spreading symbol 
shown in Figure 1. The CBOC is the first 

signal in GNSS history with this kind of 
combined modulation, which opens new 
possibilities for tracking and multipath 
suppression algorithms. 

Figure 2 presents a comparison of 
the multipath error envelopes for both 
BOC(1,1) and CBOC obtained by com-
puter simulation. The MBOC modula-
tion clearly reduces multipath errors 

for delays greater than 25 meters. The 
magnitude of reduction depends upon 
the spectra of multipath delays for indi-
vidual antenna sites. 

The GNSS receiver at our Leuven 
facility has the unique ability to track 
the CBOC in a genuine CBOC mode 
and also in a legacy BOC(1,1) mode. The 
receiver can be configured to track the 
CBOC signal in both modes simultane-
ously on two different channels. In this 
way direct simultaneous comparison of 
BOC(1,1) and CBOC is possible.

We carried out the comparison of 
BOC(1,1)  and CBOC multipath suppres-
sion in two ways, which give equivalent 
results:
a) The BOC(1,1) multipath can be 

computed for the periods of time 
when BOC(1,1) is transmitted by  
GIOVE-B and compared statisti-

FIGURE 1  The spreading symbol of CBOC is made by algebraic addition of 
BOC(1,1) and BOC(6,1) spreading symbols.

FIGURE 2  Multipath error envelopes of MBOC versus BOC(1,1) computed at 
a signal/multipath ratio of 6 dB

Now,	with	actual	data	available	from	observations	of	
the	new	Galileo	signals	in	space,	the	real	value	of	the	
benefits	of	the	MBOC	signal	.	.	.	can	be	appreciated.
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MBOC	vs	BOC(1,1)

cally to the CBOC multipath com-
puted for the periods when CBOC is 
transmitted.

b) The multipath of both CBOC and 
BOC(1,1) can be estimated based 
only on the CBOC signal tracked 
either as CBOC or as BOC(1,1) on 
two different channels.
Only method (b) allows for direct 

simultaneous comparison of multipath 
time series. 

Code	Multipath	of		
CBOC	vs.	BOC(1,1)
The code multipath was computed by 
using a well-known formula:

 
(1)

where Mi is the estimate of the code mul-
tipath error on a pseudorange Pi, while 
Φi and Φj are the carrier phase observ-
ables (in units of length) for wavelengths 
λi and λj for the same satellite. j repre-
sents any band that is different than i. 
Formula (1) estimates the sum of mul-
tipath and tracking errors, but the mul-
tipath component is dominant.

Standard deviations of the multipath 
errors observed at our Leuven site were 
averaged for 10-degree bins of elevation 

angles. Results are presented in Figure 3. 
The multipath errors of CBOC as com-
pared to BOC(1,1) are lower by about 
20–25 percent. 

The L1BC-CBOC clearly shows 
multipath performance comparable to 
most other Galileo modulations (except 
for the high-performance E5 AltBOC). 
The fact that the performance of the 
improved L1BC signal is about the same 
as the other signals is good news for 
future Galileo users.

A time series of multipath are com-
pared in Figure 4 by using method (a) 
and in Figure 5 by using method (b). The 
lower amplitudes of CBOC multipath 

FIGURE 3  Standard deviation of code multipath for Galileo signals trans-
mitted by GIOVE-B. The two thicker lines indicate L1BC modulations: 
BOC(1,1) in light green and CBOC in dark green.

FIGURE 4  Multipath time series for L1BC for June 10, when BOC(1,1) was 
transmitted (results in light brown ), are compared to May 30 , when 
CBOC was transmitted (results in blue, comparison by method [a] 
described in article text).

FIGURE 5  Simultaneous multipath time series of BOC(1,1) (blue) and CBOC 
(light green) obtained by the tracking of CBOC in two modes (compari-
son method [b]) for May 08 2008.
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errors compared to BOC(1,1) are quite 
visible. 

The reduction of range errors with 
the CBOC relative to BOC(1,1) occurs in 
the tracking noise and the high-frequen-
cy multipath component, which is due to 
long-range multipath and is dominant at 
low elevations. 

The slowly changing component 
stems from the short-range multipath 
and is visible in signals transmitted 
when the satellite was at high elevations. 
The latter component is practically the 
same for both signal modulations, as can 
be directly observed in Figure 5.

More elaborate data processing, 
which was performed at the European 
Space Agency (ESA) ESTEC, based on 
the data from multiple Galileo Experi-
mental Sensor Stations (GESS), allowed 
us to quantify the frequency content of 
the range errors. 

The left side of Figure 6  shows the 
ratio between the errors of CBOC and 
BOC(1,1) as a function of the elevation 
angle for different values of filtering 
window. The ratio clearly tends to 0 with 
longer filtering. 

The plot on the right side of Figure 
6 directly shows that for filtering win-
dows longer than 600 seconds the per-
formance of both signals is equivalent.

Conclusions
Field experience with GIOVE-B sig-
nals has confirmed the advantage of 

the MBOC modulation compared to 
BOC(1,1) in the matter of multipath 
mitigation. At the Leuven antenna site, 
the average multipath errors of MBOC 
were about 20–25 percent lower than 
with BOC(1,1). 

Moreover, the multipath level of 
MBOC appears to be about the same 
order of magnitude as with most other 
Galileo signals. In this article only static 
data have been discussed.
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