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On June 26, 2004, the United 
States of America and the Euro-
pean Community (EC) estab-
lished the ”Agreement on the 

Promotion, Provision and Use of Gali-
leo and GPS Satellite-Based Navigation 
Systems and Related Applications” (A 
copy of this agreement can be found at 
the website of the U.S. Space-Based Posi-
tioning, Navigation, and Timing (PNT) 
Executive Committee through the URL 
address provided in reference [1] in the 
“Additional Resources” section near the 
end of this article.) 

One aspect of the agreement was to 
adopt a common baseline signal to be 
transmitted in the future by Galileo and 
GPS civil signals at the L1 center frequen-
cy of 1575.42 MHz. Although the agree-
ment established BOC(1,1) as the baseline 
for  the Galileo L1 Open Service (OS) and 
GPS future L1C signals, it also stated that 
the parties shall work together toward 
achieving optimization of that modula-
tion for their respective systems, within 
the constraints of the Agreement. 

A recent joint design activity involv-
ing experts from the United States and 

Europe has produced a recommended 
optimized spreading modulation for 
the L1C signal and the Galileo L1 OS 
signal. Details of this recommendation 
can be found in two documents avail-
able on-line at the NAVSTAR GPS Joint 
Program Office (JPO) website through 
the URLs provided as references [2] and 
[3] in the Additional Resources section. 
The United States is willing to adopt for 
GPS L1C either the baseline BOC(1,1) or 
the recommended MBOC modulation, 
consistent with what is selected for Gali-
leo L1 OS.
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This article introduces the multiplexed binary offset carrier (MBOC) spreading modulation recently recommended 
by the GPS-Galileo Working Group on Interoperability and Compatibility for adoption by Europe’s Galileo 
program for its Open Service (OS) signal at L1 frequency, and also by the United States for its modernized GPS 
L1 Civil (L1C) signal. The article provides information on the history, motivation, and construction of MBOC 
signals. It then shows various performance characteristics and summarizes their status in Galileo and GPS 
signal design.
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The spreading modulation design 
places a small amount of additional 
power at higher frequencies in order to 
improve signal tracking performance. 

Figure 1 shows the resulting signal struc-
ture plan for GPS and Galileo in the L1 
band that would result from the recom-
mended changes. 

This article describes the spreading 
modulation’s power spectral density 
(PSD), as well as alternative spreading 
time series and their autocorrelation 
functions. In addition, it shows various 
measures that contrast the performance 
differences between the optimized mod-
ulation and other modulations. The arti-
cle concludes by summarizing the status 
of the common spreading modulation 
and the way ahead.

MBOC Power 	
Spectral Density
The spreading modulation for the lega-
cy civil signal at 1575.42 MHz, the GPS  
C/A-code, is based on binary phase shift 
keyed (BPSK) signal with a rectangular 
pulse shape and a spreading code chip 
rate of 1.023 MHz, denoted BPSK-R(1). 

Although very good performance 
can be obtained with the C/A code 
signal, it has been recognized 
that better performance can be 
obtained using spreading modu-
lations that provide more power 
at high frequencies away from the 
center frequency. 

Binary offset carrier (BOC) 
spreading modulations are one 
way to accomplish this, and 
under the terms of the 2004 US/
EC agreement a BOC(1,1) spread-
ing modulation was selected as 
the baseline for the future Gali-
leo L1 OS and GPS L1C signals. 
Figure 2 shows BOC(1,1)’s result-
ing increase in higher frequency 
power, compared to BPSK-R(1).

The multiplexed binary off-
set carrier (MBOC) 
PSD recommended 
in t he technica l 
work ing g roup’s 

proposal is the PSD of the 
entire signal (pilot and 
data components together), 
denoted MBOC(6,1,1/11), 

and given by Equation 1 
in which GBOC(m,n)(f) is 
the unit-power PSD of a 
sine-phased BOC spread-
ing modulation as defined 
in the article by J.W. Betz 
(2002) cited in the Addi-
tional Resources section. 
The selection of this PSD 
and identification of prac-
tical ways to produce time 
waveforms that implement 
it are based on extensive 
work by many individuals. 
Some of these foundational 
references can be found in 
the articles listed in the 
Additional Resources. 

The resulting increase 
in higher frequency power 
MBOC(6,1,1/11), compared 
to that of BOC(1,1), is evi-
dent in Figure 3. As will be 
seen, the improvement in 

high frequency power for signal track-
ing can be rendered even greater than 
what is shown in Figure 2 by placing all 
or most of the BOC(6,1) symbols, which 
provide the additional high frequency 
power, in the pilot component of the 
signal.

The recommended MBOC(6,1,1/11) 
is a specific case of more general spread-
ing modulations that have been studied 
extensively. It was selected to meet tech-
nical constraints in the US/EU agree-
ment, to retain a high degree of interop-
erability with receivers that might use 
BOC(1,1), and to facilitate implementa-
tion in satellites and receivers.

In other words, an MBOC(6,1,1/11) 
signal can be processed by a receiver 
designed for BOC(1,1). In that case,  
BOC(1,1) receivers can be designed to 

Figure 1. Galileo and GPS Frequency Plan with the  
recommended changes in GPS L1C and Galileo L1 OS

Figure 2. Unit Power PSDs of BPSK-R(1) and BOC(1,1) Spreading 
Modulations, Showing BOC(1,1)’s Additional Power at Higher 
Frequencies
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Figure 3. Unit Power PSDs of BOC(1,1) and MBOC(6,1,1/11) 
Spreading Modulations, Showing MBOC(6,1,1/11)’s Additional 
Power at Higher Frequencies
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use only the BOC(1,1) component of 
the MBOC(6,1,1/11), requiring minimal 
or no changes to the BOC(1,1) receiver 
design. However, if a receiver designer 
wants to take advantage of  BOC(6,1)’s 
high frequency component, the band-
width, sampling rate, and correlation 
processing should be correspondingly 
adapted.

Spreading Time Series 	
and Autocorrelation
A variety of time waveforms can be 
used to produce the MBOC(6,1,1/11) 
PSD described in Equation (1). In this 
section we will describe two different 
approaches, time-multiplexed BOC 
(TMBOC) and composite BOC (CBOC) 
along with various applications of each 
approach.  Although both can produce 
the MBOC PSD, TMBOC and CBOC 
represent two fundamentally different 
implementations.

First, we denote a baseband spread 
spectrum waveform by

where the {ak} take on the values ±1 
as determined by the combination of 
spreading code chip, any data mes-
sage symbol, and any overlay code bit, 
Tc is the spreading code chip rate, and  
{gk  (t)} are spreading symbols expressed 
in a general enough form so that they 
can be different for different values of k, 
the chip index of Equation (2). 

Thus, ak is the value of the code chip 
plus data message and overlay code bit, 
and gk(t) is the chip waveform, which in 
the case of TMBOC will be sometimes 
BOC(1,1) and other times BOC(6,1). 
(Clearly, more general versions of (2) 
could employ complex-valued {ak} and 
gk(t) to achieve higher-order phase mod-
ulations.) 

Next, we define the spreading time 
series as the deterministic time series 
produced with the chip values formed by 
the combination of the spreading code 
bits, any data message symbols, and any 
overlay code or other secondary code. 
For example, a BPSK-R spreading time 
series takes on the constant value of 
unity, while a BOC time series is merely 

the repetition of identical 
BOC spreading symbols. 

The most general case 
corresponds to BCS sig-
nals, whose time series 
is given by a vector s as 
shown in the articles by G. 
W. Hein et al (2005) and 
J. A. Avila-Rodriguez et al 
(2005) listed in Additional 
Resources. According to 
this the spreading time 
series of BPSK-R in Equa-
tion (2) is defined as

TMBOC Implementation
In a TMBOC spreading time series, dif-
ferent BOC spreading symbols are used 
for different values of k, in either a deter-
ministic or periodic pattern. To produce 
a MBOC(6,1,1/11) spectrum, the spread-
ing symbols used are BOC(1,1) spread-
ing symbols denoted gBOC(1,1)(t) and 
BOC(6,1) spreading symbols denoted 
gBOC(6,1)(t), with

and defined by

Because the pilot and data compo-
nents of a signal can be formed using 
different spreading time series, and the 

total signal power can be divided differ-
ently between the pilot and data com-
ponents, many different TMBOC-based 
implementations are possible. 

A candidate TMBOC implementa-
tion for a signal with 75 percent power 
on the pilot component and 25 percent 
power on the data component could 
use all BOC(1,1) spreading symbols on 
the data component, leaving the higher 
frequency contributions of the BOC(6,1) 
for the pilot channel. Indeed, data 
demodulation does not benefit from 

the high frequency BOC(6,1) and 
the pilot component would have 
a spreading time series that com-
prises 29/33 BOC(1,1) spreading 

symbols and 4/33 BOC(6,1) spreading 
symbols.

This design places all of the 
higher frequency contributions 
in the pilot component, provid-
ing the greatest possible benefit 

to signal tracking when only the pilot  
channel is used for this purpose, while 
yielding the PSDs:
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Figure 4. Example of TMBOC(6,1,4/33) Spreading Time Series, with All BOC(6,1) Spreading Symbols 
in the 75 percent Pilot Power Component

Figure 5. Normalized Autocorrelation Functions Computed over 
±15 MHz Bandwidth
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Figure 4 shows an example of this 
implementation, with the BOC(6,1) 
spreading symbols in locations 1, 5, 
7, and 30 of each 33 spreading symbol 
locations. This pattern could be repeated 
310 times if the spreading code length is 
10230, or 124 times if the spreading code 
length is 4092.

For a signal with a 50/50 power split 
between pilot and carrier component, 
a candidate TMBOC implementation 
would be to use all BOC(1,1) spreading 
symbols on the data component, and 
2/11 BOC(6,1) spreading symbols on the 
pilot, yielding the PSDs

Yet another option for a signal with 
50/50 power split between pilot and car-
rier component would be to place 1/11 
BOC(1,1) spreading symbols on both the 
pilot and data, yielding the PSDs

Severa l considerat ions a f fect 
the choice of specific locations for 
the BOC(6,1) spreading symbols. If 
BOC(6,1) symbols are placed in both 
the pilot and data components, receiver 

implementation is 
simplest when these 
symbols are placed 
in the same locations 
in both components. 
Also, proper place-
ment of the BOC(6,1) 
symbols can lead to 
improvement of the 

spreading codes’ autocorrelation 
and crosscorrelation proper-
ties, compared to these proper-
ties with all BOC(1,1) spreading  
symbols. 

Work is under way to deter-
mine the best placement of BOC(6,1) 
symbols in a L1 OS signal, accounting 
for these considerations. Good results 
have been obtained for L1C using the 
BOC(6,1) locations shown in Figure 3, 
and the resulting performance of spread-
ing codes for L1C are reported later in 
this article.

CBOC 
Implementation
A CBOC implementa-
tion can be based on the 
approach presented in the 
articles by G. W. Hein et al 
(2005), J. A. Avila-Rodri-
guez et al (2005), and A. 
R. Pratt et al (2003) and 
(2006) listed in Additional 

Resources, using four-level spreading 
symbols formed by the weighted sum 
of gBOC(1,1)(t) and gBOC(6,1)(t) symbols. 
For a 50/50 power split between data 
and pilot components, CBOC symbols 

formed from the sum of 
 gBOC(1,1)(t) symbols 

and  gBOC(6,1)(t) sym-
bols could be used on both 
components, yielding the 
PSDs in Equation (8). 

Alternatively, for the 
same 50/50 power split 
between data and pilot 
components, CBOC sym-

bols formed from the sum of  
gBOC(1,1)(t) symbols and  gBOC(6,1)(t) 
symbols could be used on only the pilot 
component, with the data component 
remaining all gBOC(1,1)(t). The resulting 
PSDs would be the same as (7). 

The normalized autocorrelation 
function of the TM or CBOC(6,1,4/33) 
spread spectrum time series, comput-
ed over infinite bandwidth and with 
ideal spreading codes, is illustrated in  
Figure 5, along with the autocorrelation 
function for BOC(1,1). Observe that TM 
or CBOC(6,1,4/33)’s correlation function 
peak is narrower than that of BOC(1,1), 
but the widths at values of 0.5 and at the 
zero crossing are virtually the same.

Table 1 summaries the variety of 
implementations of MBOC(6,1,1/11) that 
have been outlined. 

Many different performance char-
acteristics have been considered during 
waveform optimization. The primary 
objective has been to improve tracking 
performance in multipath. In addition to 
this factor, we have also considered other 
characteristics, including code tracking, 
initial synchronization for acquisition, 
spreading code performance, and losses 
for narrowband receivers. 

Multipath Performance
Because performance in multipath 
involves a combination of signal design 
and receiver processing, we have con-
sidered several different processing 
approaches. Furthermore, given that 
new ideas for multipath mitigation pro-
cessing are emerging, we also considered 
signal characteristics that appear to ben-
efit these advanced multipath mitigation 
techniques.

Multipath Performance with Nonco-
herent Early-Late Processing. We base 
our evaluation of early-late processing 
performance on a static model with 

Table 1. MBOC(6,1,1/11) Possible implementations

 
Data

 
Pilot

Percentage  
on pilot

BOC(1,1) TMBOC(6,1,2/11) 50%

BOC(1,1) TMBOC(6,1,4/33) 75%

TMBOC(6,1,1/11) TMBOC(6,1,1/11) 50%

TMBOC(6,1,1/11) TMBOC(6,1,1/11) 75%

BOC(1,1) CBOC(6,1,2/11) 50%

BOC(1,1) CBOC(6,1,4/33) 75%

CBOC(6,1,1/11) CBOC(6,1,1/11) 50%

CBOC(6,1,1/11) CBOC(6,1,1/11) 75%
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one direct and one reflected path, with 
a multipath to direct path signal power 
ratio (MDR) that is independent of 
delay. This model does not provide for 
the probability distribution of (reflected) 
path delay or the attenuation associated 
with each delay value.

The results shown here employ 
an MDR of –6 dB. The receiver is 
assumed to have a four- or six-pole But-
terworth band-limiting filter with –3 dB 
points at the stated bandwidth (BW). The 
filter is assumed to be phase-equalized 
so that the group delay is constant. Non-
coherent early-late processing (NELP) is 
employed.

The results are provided as pairs of 
graphs for each combination of receiv-
er processing parameters and differ-
ent signals. (Note that the scales of the 
figures vary and that some present the 
multipath delay in meters and others 
in nanoseconds, with 300 meters being 
approximately equal to 1000 nanosec-

onds.) The first graph is an error enve-
lope showing maximum and minimum 
bias error (computed over all relative 
phases between the multipath and the 
direct path), for each delay. Many of 
these error envelopes have oscillatory 
components. The second graph is of the 
so-called running error. This is com-
puted from the area enclosed within the 
multipath error envelope and averaged 
over the range of multipath delays from 
zero to the plotted delay values. 

Figure 6 shows the multipath error 
envelope for the receiver configuration 
of most interest. It has a 24 MHz pre-
correlation (double-sided) bandwidth 
and narrow early-late spacing of Δτ=24.4 
nsec, corresponding to a fraction d=0.025 
of a 1.023 MHz spreading code chip 
period. Figure 7 shows the correspond-
ing running average error, revealing that 
both MBOC waveforms provide typi-
cally smaller average errors than either 
BOC(1,1) or BOC(2,2) waveforms. 

One of the waveform options, TM 
or CBOC(6,1,4/33), shows an average 
error less than that of any other option 
for all delays. An important feature of all 
the MBOC waveforms is that the error 
envelope diminishes at smaller path 
length delay values than for BOC(1,1) 
or BOC(2,2). At longer path length delay 
values, the MBOC waveforms provide 
lower average delays similar in value to 
that of a BOC(2,2) spreading symbol.

Figure 8 and Figure 9 show the corre-
sponding results for 24 MHz precorrela-
tion bandwidth, with a narrower early-
late spacing Δτ=12 ns, corresponding 
to d=0.0125 (proportion of a spreading 
code interval). In these figures, the mul-
tipath error envelope for a BPSK-R(10) 
spreading modulation has also been pro-
vided. Note that the MBOC spectrum 
provides error envelopes that are smaller 
than those for BPSK-R(10) for the small 
values of path length delays (less than 
~120 ns). This is the range of delays that 
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Figure 6. Multipath Error Envelope for NELP Processing, BW=24 
MHz (4 pole Butterworth), ∆τ=24.4 nsec
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Figure 8. Multipath Error Envelope for NELP Processing, W=24 
MHz (6 pole Butterworth filter), d=0.0125 chips

Figure 7. Average Error for NELP Processing, BW=24 MHz (4 pole 
Butterworth filter), ∆τ=24.4 nsec
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are most common in many urban envi-
ronments and have lower values of atten-
uation (typically less than 20-30 dB).

Figure 10 and Figure 11 show results 
for BW=24 MHz, with early-late spacing 
of Δτ=48.9 nsec (d=0.05). The running 
average error of the MBOC waveforms 
are typically smaller than those for the 
BOC(1,1) or BOC(2,2) options. The error 
envelope for the MBOC(6,1,4/33) wave-
forms (TMBOC or CBOC) is smaller 
than for all other options.

Figure 12 and Figure 13 show corre-
sponding results for a narrower BW=12 
MHz, with Δτ=48.9 nsec (d=0.05 chips). 
The average error of the CBOC and 
TMBOC waveform options are typi-
cally smaller than those for BOC(1,1) 
or BOC(2,2). The average errors for 
TMBOC(6,1,4/33) or CBOC(6,1,4/33) are 
smaller than those for any other choice 
for all multipath delays.

The results for narrow correlator 
processors show that TMBOC(6,1,4/33) 

provides slightly smaller errors than for 
the CBOC(6,1,1/11) spreading symbol. 
This indicates that there is an advantage 
in placing all the BOC(6,1) spreading 
symbols in the pilot for certain applica-
tions. In every case examined, the aver-
age errors for TM - CBOC(6,1,4/33) and 
TM - CBOC(6,1,1/11) are smaller than 
those for BOC(2,2) for all delays.

Multipath Performance with Double-Delta 
Processing. Like early-late processing, 
double-delta multipath mitigation pro-
cessing is a known processing technique 
that was designed for BPSK-R spread-
ing modulations, but may be applied 
to more advanced modulations as well. 
The double-delta technique considered 
in this section processes every edge. 

Smaller multipath error envelopes 
may be obtained from TMBOC and 
CBOC options by masking the BOC(6,1) 
spreading symbols in the receiver replica, 
so that only BOC(1,1) symbols are pro-
cessed. This resulting code tracking SNR 

after this masked symbol replica (MSR) 
processing, when compared to the code 
tracking SNR that would be obtained 
from an all BOC(1,1) pilot, would be a 
fraction of a dB lower (0.4, 0.6, or 0.9 dB, 
depending upon time series implemen-
tation). The difference in tracking error 
would be very small compared to other 
error sources, and all spreading symbols 
would be used for data demodulation 
and carrier tracking, thus making use 
of all the available power.

Figure 14 and Figure 15 show the 
multipath errors resulting from double-
delta processing with the same multipa-
th propagation model used previously. 
In these figures, the BW=24 MHz, outer 
early-late spacing of 48.9 ns, and inner 
early-late spacing of 24.4 ns. With MSR 
processing, the multipath error enve-
lopes for the MBOC options are the 
same as those for BOC(1,1), whilst those 
from BOC(2,2) are consistently larger. 
The multipath errors from double-delta 

Figure 10. Multipath Error Envelope for NELP Processing, BW=24 
MHz (6 pole Butterworth filter), d=0.05 chips
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Figure 11. Average Error for NELP Processing, BW=24 MHz (6 pole 
Butterworth filter), d=0.05 chips
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MHz (6 pole Butterworth filter), d=0.05 chips
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processing are much smaller than those 
from early-late processing. 

Performance of A dvanced Multipath 
Processing. A variety of advanced mul-
tipath mitigation techniques are evolv-
ing to provide improved performance. 
Further advances are expected to be pos-
sible with new forms of spreading mod-
ulations. No single metric provides for 
the comparison of signals for advanced 
mitigation techniques; therefore, we have 
considered two. The first of these is the 

root-mean square (RMS) 
bandwidth of the spread-
ing symbol, defined by

where Ĝ(f) is normalized 
for unit power over the sig-
nal bandwidth being used, 
and flim is the double-sided 
receiver precorrelation 
bandwidth. 

A brief note on this 
metric: In seeking to opti-
mize a signal, researchers 
need a figure to minimize/
maximize for compari-
son purposes, preferably 
one with a physical bound 
independent of the tech-
nique in receiver design. If 
not, the signal would only 
be optimized for certain 
receivers and not for oth-
ers. The RMS bandwidth 
figure is related to the Cra-
mer Rao lower bound and 
also the Gabor bandwidth; 
so, we considered it a good 
metric under certain con-
straints. 

In the real world, of 
course, the number of mul-
tipath signals is unknown 
and can only be estimated. 
Additionally, the best esti-
mator depends on the num-
ber of multipath signals, 
which increases the dimen-
sionality and difficulty of 
the metrics problem.

Figure 15 shows the RMS bandwidth 
of the four spreading modulations for a 
given receiver bandwidth assumed to 
have rectangular bandwidths. The RMS 
bandwidths for the TMBOC and CBOC 
options are the same or larger than the 
RMS bandwidth for BOC(1,1) for all sig-
nal bandwidths, and larger or almost as 
large as those for BOC(2,2) for signal 
bandwidths greater than approximately 
12 MHz. (High-performance receivers 
would be expected to use bandwidths 

much greater than 12 MHz.)
As the results in Figure 16 ref lect, 

using a bandwidth of 12 MHz with 
one of the MBOC signal options 
would provide greater RMS 
bandwidth than using a 24 MHz 
bandwidth with BOC(1,1). If 
receivers use bandwidths less 

than approximately 12 MHz, they would 
lose a fraction of a dB of signal power 
with TMBOC or CBOC, compared to 
BOC(1,1).

A second measure of performance 
for advanced multipath mitigation is 
the number of waveform transitions in 
a code repeat interval. The more transi-
tions the signal has, the better we can 
detect and remove multipath signals. 
In the case of MBOC this is exactly 
what is happening, because in both the 
TMBOC and CBOC implementations 
the BOC(6,1) component is oscillating 
at a higher frequency — or equally, there 
are more waveform transitions in a code 
repeat interval.

These are affected by the spreading 
symbol rate, the carrier offset frequency 
and the organization of the BOC(6,1) 
and BOC(1,1) components. A detailed 
analysis of this will not be given here. 
However, for the various options consid-
ered here, there is a gain of between 2.0 
dB and 3.5 dB depending upon the spe-
cific waveform implementation used.

Summary of Multipath Performance. The 
multipath performance metrics indicate 
that early-late processing of TMBOC 
and CBOC options yields smaller mul-
tipath errors than the same processing 
of BOC(1,1). For the double-delta pro-
cessor, the multipath errors for the pro-
posed spreading symbol waveforms are 
the same as for BOC(1,1) and better than 
BOC(2,2). Both TMBOC and CBOC 
waveforms provide better potential for 
advanced multipath mitigation process-
ing than BOC(1,1).

Spreading Code 
Performance
The new L1 Galileo OS and GPS L1C 
spreading code family members have 
been designed for reduced side-lobe 
levels in auto- and cross-correlation 
functions.
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One of the metrics used to select the 
BOC(1,1) and BOC(6,1) spreading sym-
bols as waveform partners is that these 
are orthogonal. (See the article by A. 
R. Pratt et al (2006) in the Additional 
Resources.”) This can be used to improve 
the auto- and cross-correlation perfor-
mance. Therefore, part of the design 
process for TMBOC implementations 
will be to select the locations in the code 
sequence where BOC(6,1) spreading 
symbols are placed. Judicious placement 
introduces zeros into the correlations 
at certain delays, providing a unique 
opportunity for additional control over 
the correlation functions. 

The first results of this joint design of 
TMBOC placement and spreading codes 
has been completed for L1C. The pat-
tern of BOC(6,1) spreading symbols is 
as shown in Figure 4. The sidelobe levels 
for crosscorrelations between L1C pilot 
codes, using the original codes selected 
for BOC(1,1) spreading modulations, 
and a different set of codes from the 
same family selected for TMBOC are 
shown in Figure 17.

The results are calculated using both 
even and odd crosscorrelations. Com-
pared to the baseline spreading codes, 
the maximum crosscorrelation level is 
reduced by 0.1 dB, and its probability of 
occurrence is reduced by a factor of 40. 
The sidelobe levels at somewhat higher 
probability of occurrence are reduced by 
more than 1 dB. Similar improvements 
are evident in Figure 18 for the autocor-
relation sidelobes.

Performance of Low-End 
Receivers
GPS L1C and Galileo L1 OS signals 
are being designed to benefit receiv-
ers that will make use of technology 
advances to attain better performance, 
while continuing to support receivers 
designed for minimal complexity. For 
example, receivers that employ modest 
bandwidths and only use the BOC(1,1) 
spreading symbols may offer lower cost 
and provide long battery life. 

The minimum double sided pre-
correlation bandwidth for a BOC(1,1) 
spreading symbol is approximately 4 
MHz – about twice that required for 

a C/A code receiver [BPSK-R(1)]. For 
maximum multipath mitigation perfor-
mance, the widest precorrelation band-
width provides the best performance. 
The BOC(6,1) component improves 
the signal to noise ratio for code track-
ing and multipath processing by up to 
3.5 dB over BOC(1,1).

For intermediate receiver precor-
relation bandwidths, the new signals 
continue to provide equal or better per-
formance than BOC(1,1) signals and 
near those available from a BOC(2,2) 
spreading symbol. For low-end receiv-
ers with 4 MHz bandwidths, the MBOC 
options provide almost the same per-
formance (within 0.4, 0.6, or 0.9 dB of 
power, depending upon spreading time 
series implementation), compared to 
BOC(1,1).

RF Compatibility
Since MBOC places more power at 
higher frequencies, it also provides some 
additional benefits in radio frequency 
compatibility. Compared to BOC(1,1), 
the MBOC(6,1,1/11) spectrum has 0.7 
dB less self-interference, and 0.3 dB 
less interference to C/A code and SBAS 
receivers.

Summary and Way Ahead
This paper has described the optimized 
MBOC spreading modulation recom-
mended for Galileo L1 OS and GPS L1C. 
The MBOC design continues the trend 
in most modernized signal designs to 
provide more power at higher frequen-
cies (away from the center frequency) 
in order to improve code tracking and 
some aspects of multipath performance. 
MBOC does this by adding a small 
fraction of BOC(6,1) spectrum to the 
BOC(1,1) spectrum.

Since BOC(1,1) already has more 
high frequency power than C/A code’s 
BPSK-R(1) spreading modulation, it 
already provides performance benefits 
over BPSK-R(1). MBOC provides addi-
tional benefits over BOC(1,1) including 
code tracking in noise and multipath 
(when using early-late processing and 
advanced multipath mitigation tech-
niques). MBOC also produces better 
spreading code performance than the 

baseline L1C codes, less self-interfer-
ence, better RF compatibility with  
C/A-code, and less susceptibility to nar-
rowband interference at the worst-case 
frequency. 

These improvements are obtained 
through the use of slightly more power 
at high frequencies. Receivers with very 
narrow front-end bandwidths do not 
obtain these benefits or use this signal 
power. Also, multipath mitigation tech-
niques such as double-delta processing 
perform better with BPSK-R(1) than 
with MBOC or BOC(1,1) for receiv-
ers with narrower bandwidths. Thus, 
BPSK-R(1), BOC(1,1), and MBOC pro-
vide different opportunities to trade 
performance against support for simple 
receiver designs.

MBOC maintains compatibility 
with BOC(1,1) receivers, because more 
than 90 percent of the power remains 
available to BOC(1,1) receivers. Like 
BOC(1,1), MBOC provides good poten-
tial interoperability between GPS and 
Galileo, with greater interoperability 

TMBOC(6,1,4/33)
All BO(1,1), original codes

-25 -30 -35

Maximum
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Figure 17. Comparison of Crosscorrelation 
Sidelobes for L1C

TMBOC(6,1,4/33)
All BO(1,1), original codes
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Figure 18. Comparison of Autocorrelation 
Sidelobes for L1C
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and compatibility achieved if the same 
time waveforms and spreading code 
families can be employed. 

 Several different waveform options 
exist and can produce the same 
MBOC(6,1,1/11) power spectral den-
sity, and evaluation of these different 
implementation options is continu-
ing. The final choice between BOC(1,1) 
and MBOC as the common spreading 
modulation for L1 OS and L1C awaits an 
assessment of programmatic aspects for 
Galileo, with GPS prepared to proceed 
with either BOC(1,1) or MBOC.
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