As additional Galileo satelhtes beg'
probably will be: broadcastmg mul

El frequency that n’losf jugh voldmeco;lsumér GNSS products use. A composite BOC
signal, the European \7er§10n.0f MBOt wﬂl beslightly dlfferent than the U.S. version

— time-multiplexed 'Bﬁrt’— otenhall

design. But one team. of @iignalﬁxperfs

the GALILEO Signal TaskiFoFce®

OLIVIER JULIEN, CHRISTOPHE MACABIAU

ENAC - ECOLE NATIONALE DE L'AVIATION CIVILE, TOULOUSE, FRANCE
JEAN-LUCISSLER, LIONEL RIES

CNES -CENTRE NATIONAL DES ETUDES SPATIALES, TOULOUSE, FRANCE

n-going discussions are taking place between U.S.

and European Union (EU) experts concerning the

future GPSIII L1C and Galileo E1 OS civil signals. An

agreement on a common power spectral density (PSD)
known as multiplexed binary oftset carrier (MBOC) recently
emerged as a solid candidate to replace the current baseline:
BOC(1L,1).

In order to comply with the MBOC PSD, two candidate
implementations, known as time-multiplexed BOC (TMBOC)
and composite BOC (CBOC) modulations, have been proposed.
If fully exploited, these implementations will provide improved
performance but require a more complex receiver architecture
than a BOC(1,1) receiver.

Increased complexity and associated higher costs, however,
might be detrimental for a GNSS receiver manufacturer that
would like to use MBOC, but with limited modifications to
their receivers — particularly for those companies producing
equipment for mass consumer markets. This article aims at

y comPhcatmg mass market MBOC receiver
bfés‘ents a solution dlscussed

SaﬂAHLEﬂ

RPN

evaluating a new CBOC receiver architecture using locally
generated TMBOC-like signals that will result in a simpler
architecture comparable to a BOC receiver.

The normalized MBOC PSD includes the whole of GPSIII
L1C or Galileo E1 OS civil signals, which means both their data
and pilot components. Its expression is given by:

10 1
Gpoc (f) = HGBOC(I,I) )+ HGBOC(&I) (f)

where Gpoc () and Gpoc 6,1) are the BOC(1,1) and BOC (6,1)

normalized PSDs.

Because the MBOC is defined only in the frequency domain,

a variety of compliant temporal modulations can be used. In

the literature, two different modulations were proposed to

implement the MBOC:

o TMBOC, which multiplexes in the time domain BOC(1,1)
and BOC(6,1) sub-carriers and seems likely to become the
main candidate used by the future GPSIII L1C signal, and

« CBOC, which linearly combines BOC(1,1) and BOC(6,1)
sub-carriers (both components being present at all times),
and appears to be the leading candidate for the Galileo E1
OS signal.

The Additional Resources section lists papers by G. Hein et
al,]. Betzetal, and J.-A. Avila-Rodriguez et al, which introduce
and discuss TMBOC and CBOC in detail.
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The philosophy behind these two modulations is very differ-
ent, and, although they would theoretically produce equivalent
tracking when used with a TMBOC or CBOC receiver (con-
sidering pilot and data channels), they can result in different
performances in other configurations (for instance, considering
the pilot channel only).

A major difference between the TMBOC and CBOC modu-
lations is that the CBOC sub-carrier, as the weighted sum of
two squared-wave sub-carriers, will have four different levels.
Consequently, this means that an optimal CBOC receiver has
to generate a local replica that also has four levels, resulting in
a local replica encoded on more than just one bit. This could
complicate the CBOC receiver architecture and might prove
detrimental to the widespread use of this modulation for cer-
tain types of receiver, if retained as the Galileo E1 OS modula-
tion.

This article describes an innovative technique that only
requires a 1-bit local replica, very similar to a TMBOC wave-
form, to track CBOC signals. This method is particularly inter-
esting because, despite its simple implementation, it has only
limited losses in tracking performance with respect to tradi-
tional CBOC or TMBOC receivers. Moreover, it shows excellent
performance when compared to the previous GPS/Galileo L1
baseline signal, the BOC(1,1).

The first part of this article describes the possible CBOC
and TMBOC candidates for Galileo E1 OS and
GPS IIT L1C modulations. The second part looks
at the traditional tracking performances of these
two modulations in terms of thermal noise and multipath-
induced errors.

Finally, we introduce the new 1-bit tracking technique and
compare it against optimal CBOC and TMBOC tracking in
terms of tracking noise and multipath resistance.

CBOC and TMBOC for Galileo and GPS

As seen in the expression of the MBOC PSD, the power of the
BOC(6,1) component has to represent 1/11 of the total OS sig-
nal power. Among other parameters, then, the actual imple-
mentation of the MBOC will depend upon the power share
between the pilot and data channels, as well as the percentage
of BOC(6,1) sub-carrier used on each of these channels.

According to the paper by J.-A. Avila-Rodriguez et al, the
main candidate implementations are:

o all the BOC(6,1) power is put on the pilot channel and the
data channel uses a pure BOC(1,1) sub-carrier channel, or

» the BOC(6,1) power is split between the data and pilot chan-
nels.

The latest documents suggest that the first approach is the
preferred implementation for the GPS III civil signal, while the
second one is a serious candidate for Galileo E1 OS. Indeed,
a 75/25 percent power share between pilot and data channels,
respectively, has been proposed for GPSIII L1C. On the other
hand, a 50/50 share has been recommended for Galileo E1 OS.

Moreover, discussions regarding GPS III appear to lean
exclusively towards a TMBOC implementation of the MBOC,

while Galileo leans mainly toward a CBOC implementation.
In this article we will use these first assumptions to model the
signals of interest. This leads to the following models:

o The GPSIII L1C case (baseband) can be formulated as:

1 3
s, = e Qe+ e 1800 )

x(t) if tes,

y@) if tes,

with x and y are the BOC(1,1) and BOC(6,1) sub-carrier wave-
forms, S, is the union of the segments of time when a BOC(L,1)
sub-carrier is used within one spreading code length, while S,
the complement of S, within one spreading code length, is the
union of the segments of time when a BOC(6,1) sub-carrier is
used. Note that a relevant choice of the segments S, and S, has
been shown to potentially reduce the auto and cross-correla-
tion main peak isolation by 1 dB ([4]), p = length(S,) = 4/33
for GPSIII L1C, ¢ 5™ and ¢ 5" are the GPSIII L1C data and
pilot channels spreading code sequences, d;pg is the GPSIII
L1C navigation message.

Examples of TMBOC sub-carrier are given in the papers
listed in the Additional Resources section by G. Hein et al.
and J. Betz et al.

The first Galileo E1 OS option (baseband) using CBOC
modulation can be written as:

where TMBOC(6,1, p)(t)= {

S0 =y Ll O OcBOCE, 5.+ ))+ £ CBOCE 5 0]

where CBOC(6,11/11,+)0)=(/A-p)xO)+(p () and
cBoC (6:1,1/11,~)1)=(A=p)xt) 2 y())

withc§”and ¢ Gal are the Galileo E1 OS data and pilot channels

spreading code sequences, d; , is the Galileo E1 OS navigation
message, and p=1/11 for Galileo E1 OS.

Note that the sign of the BOC(6,1) sub-carrier is different
between the data and pilot channels. This is necessary to sat-
isfy the MBOC constraint (removal of cross-terms appearing
from the cross-correlation between the BOC(1,1) and BOC(6,1)
sub-carriers.
 Thesecond Galileo E1 OS option (baseband) using TMBOC

modulation can be written as:

o )= \g (4o, () TMBOC1, )+ TMBOC(.1,p) ()

where p=1/11 for Galileo E1 OS.

Finally, we presume that receiver manufacturers will proba-
bly try to minimize their tracking architecture complexity, and
thus will track future signals using only their pilot channel.

L1/E1 Pilot: Achievable Performance
Traditional tracking of spread spectrum signals uses the cor-
relation of the incoming signal with the same local replica
as the useful incoming signal. Thus, most of the tracking
performances depend upon the autocorrelation of the useful
signal.
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The autocorrelation functions of the previously defined
modernized waveforms (the data channel is shown for com-
pleteness) presented in the previous section are given by:

Renoc (@)= (1= PR, (D) +pR (1) -2/ (A —p)R,, (7))
Regoc o @)=(A=pR, @+ pR, (D) +2J(p(1-P)R, , (7))

Rppsoc (7)= ((1 -pR, @)+ pR y (T))

where R _and Ry are the BOC(1,1) and BOC(6,1) autocorrelation

functions respectively.

Figure 1 shows the normalized autocorrelation functions of
each of the considered modernized signals:

« The percentage of BOC(6,1) power in the signal channel
shapes the autocorrelation function. The higher the percent-
age of BOC(6,1), the narrower the autocorrelation function
main peak will become.

« The sign of the BOC(6,1) component will also shape the
correlation function on the CBOC: with a negative sign,
the main peak of the autocorrelation function is narrower.
We would then expect that CBOC(+’) and CBOC("-%) will
have different tracking performances.

o The shape of the normalized autocorrelation function shows
that the addition of a BOC(6,1) component most likely will
not create extra false-lock points compared to BOC(1,1)
tracking. Indeed, no real peak is visible. However, we need
to recognize that the presence of the undulations on CBOC
and TMBOC autocorrelation functions will shorten the
admissible range of values for the early-late correlators
compared to the BOC(1,1) case. (This goes with the neces-
sary larger front-end bandwidth required and the expected
better tracking performances.)

In terms of tracking performances, we will examine two
main criteria here: (1) the code tracking noise induced by ther-
mal noise, and (2) the multipath-induced code tracking error.
Moreover, we will only investigate the dot-product (DP) dis-
criminator as the reference discriminator here because it is a
commonly used due to its low squaring losses (See studies by
A.J Van Dierendonck and E. Kaplan, for instance, in Additional
Resources). Its expression is given by:

Dpp=(Iz=1)I, +(Q;-Q,)Qp
where I_and Q_ represent the in-phase and quadra-phase cor-
relators’ output where X=E for the early correlator, X=P for the
prompt correlator, and X=L for the late correlator.

Thermal Noise-Induced Code Tracking Error
Assuming a DP discriminator, the theoretical thermal noise-
induced tracking error variance is given by:

o2y = BL(1_0'5BLTI)(§CBOC (0= Rggoc (d))>< 1+ Regoc (0)
2 PT; %,
. 2L R200 0
P |dRcoc (x N, énoc ©)

2N, dx d
2

x=

where B, is the DLL loop bandwidth, T is the coherent integra- |
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FIGURE1 CBOCand TMBOC Autocorrelation Functions
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FIGURE2 BOC(2,1), CBOCand TMBOC code tracking performance. Com-
putations assume a DP discriminator, a1 Hzloop bandwidth, a1/12
chip early-late spacing, a 4 millisecond integration time, and a 12 MHz
one-sided filter (Note: CBOC(6,1,1/11,"-*) and TMBOC(6,1,4/33) are
overlapping in graph.)

tion time, d is the early-late spacing, P is the incoming useful
signal power (in a single channel), N, is the thermal noise PSD
level, Ripo is the filtered correlator output noise correlation
function, and R - is the filtered correlation function of the
incoming signal.

Figure 2 shows the theoretical code tracking noise using
a DP discriminator for the different considered pilot signals
assuming a 1 Hz DLL loop bandwidth, a 1/12 of a chip early-
late spacing, a 4-ms integration time, and a 12 MHz front-
end filter. The use of a pure BOC(1,1) as the incoming signal
(with equivalent power) is also shown as a reference because

it remains the current Galileo E1 baseline signal.
Figure 2 indicates that all currently considered, modern-
ized pilot channels would significantly improve the resis-
tance of the code tracking loop to thermal noise compared to
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BOC(1,1) tracking. The improvement is in line with the sharp-
ness of the autocorrelation main peak seen in Figure 1.

This improvement in terms of equivalent carrier-to-noise
(C/N,) ranges from 2.4 dBs for TMBOC(6,1,1/11) tracking to 3
dBs for TMBOC(6,1,4/33) or CBOC(6,1,1/11,-) tracking. This is
very significant when one thinks that only a very small amount
of BOC(6,1) has been added.

Multipath-Induced Tracking Error
Multipath-induced tracking errors are also dependent upon
the autocorrelation function shape. So, comparing the perfor-
mance of the different MBOC candidates against multipath
offers an interesting approach.

In undertaking this comparison, a common figure of merit
is the multipath running average error introduced in the 2006
ION/PLANS paper by G. Hein et al. This running average error
is plotted in Figure 3 beside the more traditional multipath
envelopes for an early-late spacing of 1/12 chips, a one-sided
front-end filter of 12 MHz, and a Signal-to-Multipath Ampli-
tude Ratio (SMAR) of 3 dBs.

Once again, we can observe that the CBOC(6,1,1/11, -°)
and TMBOC(6,1,1/11) have the best performances. This is
mostly due to the narrow peaks constituting their autocor-
relation function. It is important to see that all these CBOC
and TMBOC multipath results are much better than for pure
BOC(1,1) tracking.

Please note that the performance shown in Figure 3 is a
measure of the inherent capability of the modulation to miti-
gate multipath using a standard receiver configuration. It does
not represent an advanced multipath mitigation tool that could
be compared to techniques used on C/A code such as double-
delta, MMT (developed by L. R. Weil and others) or MEDLL (a
proprietary technique patented by NovAtel Inc.).

In a more general way, the multipath rejection capability
of CBOC or TMBOC signals is dependent upon their autocor-

—— BOE{1,1)
THBOC(5.1.1/11)
TMEGC(6,1,4/33)

—— CBOCIE1.111,)

Cumulative Code Tracking Error (m)

150 200 250 300 350
Multipath Delay (m)

400 450

Multipath Running Average Error (Right) and Multipath Envelope (Left) Assuming a 1/12 Chip Early-Late Spacing, a SMAR of 3

relation function shape, and thus upon the ratio p between the
weights of the BOC(1,1) and BOC(6,1) autocorrelation func-
tions. Although constrained by the MBOC PSD, and thus
currently not changeable, a more optimal multipath mitiga-
tion capability (according to the multipath running average
envelope figure of merit) could be obtained for higher values
of p, as shown in the paper by O. Julien et al. presented at the
ION NTM 2007.

Conclusions on Traditional

CBOC and TMBOC Tracking

The foregoing CBOC and TMBOC performance analysis has
outlined the potential improvement in terms of thermal noise
and multipath mitigation of MBOC-compliant signals with
respect to BOC(1,1) modulation.

In particular, we have shown that a receiver tracking the
GPSIII LIC or Galileo E1 OS pilot candidates would signifi-
cantly improve its inherent multipath rejection capability and
gain between 2.4 and 3 dBs in terms of equivalent C/N| in ther-
mal noise. This improvement comes, of course, at the expense
of implementing a required wider front-end bandwidth, but
we should note that a receiver with a narrower front-end filter
can still track only the BOC(L,1) part of the MBOC without
significant loss (below 0.6 dBs).

However, from a receiver architecture point-of-view, the
reception and processing of CBOC and TMBOC is more chal-
lenging than BOC(1,1) reception. As already mentioned, rang-
ing signal reception is traditionally done using a locally gener-
ated replica of the incoming signal. This means thata TMBOC
receiver will have to implement time-multiplexing of BOC(1,1)
and BOC(6,1) sub-carriers.

Because its sub-carrier is a linear combination of two syn-
chronized square sub-carriers, a CBOC receiver has more than
two levels. This means that the local replica has to be encoded
on several bits, which implies a potential need for more com-
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plex receiver architectures. This could reduce some uses of this
signal, which leads us to look at techniques that would only use
local replicas encoded on 1-bit, while maintaining the attractive
CBOC tracking performances.

An example of such a method involves the use of two sepa-
rate correlations of the incoming CBOC signal with, on one
side, a pure BOC(L,1) replica and, separately, a pure BOC(6,1)
replica. Because the correlation operation is linear, a simple
linear combination of these two correlation values would result
in the exact same output as traditional CBOC autocorrelation
and, thus, eventually the exact same tracking performances.

However, this processing requires twice as many correlators
as traditional CBOC tracking and thus extra complexity. The
following section, therefore, introduces a new CBOC tracking
technique that intends to deal with that problem.

Tracking CBOC with TMBOC

The idea behind the proposed 1-bit CBOC processing is that

both the BOC(1,1) and BOC(6,1) components should be present

in the locally generated signal in order to use their properties:

« Most of the incoming power is in the BOC(1,1) compo-
nent.

o The narrow BOC(6,1) autocorrelation function implies
excellent tracking performances.

Then, one way to achieve this is to locally generate a signal
close to a TMBOC modulation, with an alternating sequence
of BOC(1,1) and BOC(6,1) sub-carriers modulating the PRN
sequence. However, in order to avoid confusion between the
proposed TMBOC modulation and this local replica (used
here to track a CBOC signal), it will be referred to as TM61
replica. By extension, we also refer to the tracking technique
as TM61.

The local replica can then be expressed as:

TM61(a)(t)=c5” (t){ix)g?t) Z: i *;53

where S, is the union of the segments of time when a BOC(L,1)
sub-carrier is used, while S, the complement of S, in the time
domain, is the union of the segments of time when a BOC(6,1)
sub-carrier is used, and « represents the percentage of time
when the BOC(6,1) sub-carrier is used.

The choice upon the sign of the BOC(6,1) sub-carrier in
the TM61 local replica depends upon the associated sign of
the BOC(6,1) sub-carrier in the incoming CBOC signal. If a
CBOC(*) signal is received, the BOC(6,1) sub-carrier in the
TM61 replica will have a negative sign.

The resulting correlation function between the TM61 and
an incoming CBOC(*-’) — which is easy to extrapolate to a
CBOC(+) — is then given by:

Resoc i msi(e® =(1~)T=p)R, ()+ aypR, ()-(1-a)y/p +a A= p)R, , ()

We can see that this cross-correlation function is also a
linear combination of the BOC(1,1) autocorrelation function,
the BOC(6,1) autocorrelation function, and the BOC(1,1)/
BOC(6,1) cross-correlation function. However, in this case the

TM61 Post-Correlation SNR Degradation (dB)

0.4 0.6
Value of Alpha

FIGURE4 TM61-Induced Post-Correlation SNR Degradation for
CB0C(6,1,1/11)

ratio between these One-Sided Post-Correlation SNR
three components Bandwidth (MHz) Degradation (dB)
is dependent upon 8 -0.35
the parameter a and : 035
is thus controlled by

. . 10 -0.35
the receiver design.

11 -0.35

Effects on 12 -0.35

Signal-to-
Noise Ratio
Because a local rep-
lica different from
the incoming signal is used, we need to quantify the associ-
ated post-correlation losses. In the presence of thermal noise
only, the noise power at the correlator output is the same using
a CBOC local replica, a TMBOC local replica, or a TM61 local
replica. Thus, the post-correlation signal-to-noise ratio (SNR)
can be quantified, assuming infinite front-end filter, as:

deg _(RCBOC/TMGI(a)(O) 2_
Post-Cort_SNR= |~ o (\ |~
B Regoc (0)

- (\/(1——17) + oc(\/; —\/(1——1’)))2

This post-correlation SNR degradation due to the use
of a TM61 local replica is represented in Figure 4 for the
CBOC(6,1,1/11). Choosing a small value for a allows a minimi-
zation of the correlation losses, as expected. A low post-correla-
tion SNR degradation at the correlator outputs has important
consequences on the receiver performance at several stages:

« phase tracking performances that uses the in-phase and
quadra-phase prompt correlator out-
puts,

TABLE 1. Post-correlation SNR degradation for a

CBOC(6,1,1/11-") as a function of the front-end
filter bandwidth

o code tracking,
o data demodulation if used on the data channel.

However, choosing a small value for « also means that the
TM61/CBOC correlation function will be close to a BOC(1,1)
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autocorrelation function, and the tracking performance will
thus be significantly degraded compared to traditional CBOC
tracking. Because phase tracking and data demodulation are
done using the prompt correlator outputs only, it might be
interesting to use different TM61 local replicas for the prompt
correlator and the early and late correlators to have a more
flexible tracking architecture. Thus, a new DP discriminator
is defined using:

pIMsl_ (I§M6l(oc)_ IIY:M61((x))I;'MGI(a')+(Q£M61(zx)_ QLTMsl(a)) Q}’I)‘M61(o¢

where « corresponds to the TM61 local replica used for the
early and late correlators, and a” corresponds to the TM61 local
replica used for the prompt correlator.

Using that discriminator, and assuming that all the corre-
lation functions are symmetric, the theoretical tracking noise
standard deviation can be written equal to:

BL(l - O'SBLTI)(ETMmE)L(a)(O)_ ﬁ77\/161“(00(‘1))

depends upon the TM61(«) autocorrelation values (obtained
from the early and late TM61 replicas) in 0 and d, and the
TM61(«)/CBOC cross-correlation slope in d/2. Thus, a more
thorough analysis has to be undertaken.

Table 2 shows the TM61(a) tracking noise standard devia-
tion degradation of CBOC(6,1,1/11,-°) for the different possible
values of a compared to the optimal tracking noise standard
deviation of the candidate CBOC and TMBOC signals on the
) pilot channel. Please note that the prompt local replica is

assumed to be a pure BOC(L,1) and consequently the values
of a only affect the TM61(a) early and late local replicas.
Several conclusions can be drawn from these results:

For a CBOC(6,1,1/11,-%), the optimal value for a (for the
early and late TM61 local replicas) seems to be either 0 or
1. Interestingly, these extreme cases mean that only a pure
BOC(1,1) or a pure BOC(6,1) could be generated locally for
the early and late correlators, which would
significantly reduce receiver architecture

ﬁTM61P (oc')(o)

o3 =
DP,TM 61(a) = 2 PT,

P | Resoc /TM61E1L(a)(x)
2N, dx

SR

x=

Here we see that the separation of the early and late TM61

replicas from the prompt TM61 local replicas leads to these
very interesting conclusions:
the squaring losses only depend upon the prompt TM61
local replica
the asymptotical variance (when squaring losses are not
present) depends upon the early and late TM61 local repli-
cas only.
Thus, in order to minimize the squaring losses, it is impor-
tant to have minimal correlation losses for the prompt correla-
tor. Consequently, from now on, the local TM61 replica used
for the prompt correlator will use a’=0, which means that it is
a pure BOC(1,1) local replica. This implies that the correlation
losses are minimal (about 0.35 dBs for CBOC(6,1,1/11) as shown
in Table 1) which makes it very suitable for data demodulation
and phase tracking purposes.

On the other hand, the asymptotical tracking variance

Value of o for Early in Terms of Equivalent C/No (dB)

TM61(a) Tracking Error Degradation of CBOC(6,1,1/11,-")

complexity, because in this case neither
multi-bit nor time-multiplexed sub-carriers
are necessary.

o The use of the TM61 tracking technique
for CBOC(6,1,1/11,-°) exhibits a degrada-
tion of approximately 2.5dBs with respect to traditional
CBOC(6,1,1/11,-°) tracking. This is the drawback inherent
to the simplification of the receiver architecture. However,
when compared to the TMBOC(6,1,1/11) case, which is the
other option of Galileo E1 OS pilot signal, this degradation
drops to 1.9 dBs.

The TM61 outperforms traditional BOC(1,1) tracking.
This is an excellent result since it means that with a simple
receiver architecture, we can obtain better performance
than would have been obtained with the current Galileo
baseline.

TM61 and Code Noise Tracking

The last criterion studied to assess the TM61 tracking tech-
nique is its inherent resistance to multipath. As in the optimal
tracking case, we will investigate this criterion in terms of the
average multipath envelope error.

Figure 5 shows the multipath resistance
of the TM61 technique for different values
of o used for the early and late local rep-

Rczsoc JTM 61, (a')(o)

and Late TM61(a) Local Vs . . .
Reolices ¥ licas (once again, the prompt replica uses
ep TMBOC(6,1,4/33) or vs BOC(1,1) . .

TMBOC(6,1,1/11) CBOC(6.1.1/11"-) a pure BOC(1,1) sub-carrier) assuming an
: 6 : incoming CBOC(6,1,1/11,-°) signal. Among
0 : z 04 these, the case when a equals 0 has, by far,
0.2 2.9 35 0.5 the worst performance. This is as expected
0.4 2.8 3.4 0.4 because in this case the TM61/CBOC cor-
06 26 3.2 0.2 relation function is close to a pure BOC(1,1)

08 23 2.9 -0.1 one. )
The case a=0.5 seems to be optimal,

1 L9 2.5 -0.6

TABLE 2. TM61(«x) Tracking error degradation vs TMBOC in terms of equivalent C/N, for an early-Tate spacing of

1/12 chips, a 12 MHz double-sided front-end filter, and a 4-ms integration

although when a=1 the performance is
comparable. This result is intriguing and
corroborates what was foreseen with tradi-
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FIGURE6 TM61 Tracking Architecture to Track a CBOC Signal

tional CBOC tracking: an optimum (in terms of running aver-
age multipath error) can be reached for a certain ratio between
the weights attached to the BOC(1,1) and BOC(6,1) autocorrela-
tion functions. Since, unlike in the traditional CBOC tracking
case, the TM61 allows setting this ratio to any value (through
the parameter a), this optimum can be reached using the new
proposed method.

The TM61 multipath resistance improvement is particularly
important when a CBOC(6,1,1/11) signal is used. It is also inter-
esting to see that TM61(1) tracking provides an improvement
for very short multipath over all other configurations.

Conclusions about TM61

From the previous analysis, it appears that a preferred imple-
mentation for the TM61 tracking method is to locally generate
a pure BOC(L,1) replica for the prompt correlator, and a pure
BOC(6,1) replica for the early and late correlators. This would
result in a very simple tracking architecture, as represented in
Figure 6.

A 2.5 dBs degradation in terms of equivalent C/N is
observed for the code tracking noise, but we might expect that
for many applications tracking noise is not the main source
of error. On the other hand, the preferred TM61 configura-
tion implies an increased multipath rejection capability with

respect to all traditional tracking of CBOC and TMBOC. This
is important because multipath is always present and a main
source of errors.

Finally, the TM61 tracking technique of a CBOC signal sig-
nificantly outperforms the use of a BOC(1,1) signal, the current
Galileo/GPS baseline, with the same receiver complexity

The use of the preferred implementation of the TM61 track-
ing technique implies that the actual TM61/CBOC correlation
function generated by the early and late correlators will look
like a BOC(6,1) autocorrelation function. Thus, special care has
to be taken with the appearance of false tracking locks.

We also must point out that the TM61 tracking technique
is important in case the CBOC modulation will be cho-
sen for Galileo. Indeed, it has been seen that the traditional
performance of the CBOC(6,1,p,-’) was slightly better than
TMBOC(6,1,p) for traditional tracking performance (although,
as already mentioned, TMBOC might offer better cross-cor-
relation properties).

Now, in case a receiver manufacturer would like to limit the
complexity of their receiver design to track the Galileo E1 OS,
the TM61 offers the simplest implementation with almost no
degradation on phase tracking and excellent multipath mitiga-
tion capabilities.

Because of the simplicity of the TM61 tracking technique
architecture, it would be interesting to try to expand its use to
TMBOC reception. However, a direct implementation would
not be successful since the correlation of a pure BOC(1,1) or
BOC(6,1) replica with a TMBOC signal is not optimal. This
has already been explained in [3] and [4].

Indeed, the orthogonal property of the BOC(1,1) and
BOC(6,1) waveforms leads to only a partial correlation pro-
cess that further degrades the post-SNR correlation. In par-
ticular, the BOC(6,1)/ TMBOC(6,1,4/33) leads to a degradation
of 18 dBs.

One way to solve this issue is, during the correlation pro-
cess, to blank the part of the TMBOC signal that does not use
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a BOC(6,1) sub-carrier (when correlated with a BOC(6,1)).
The post-correlation SNR degradation is then strongly
reduced.

However, including a blanking process in the TMBOC
tracking makes the receiver architecture more complex. More-
over, in this case, the correlation result is only a partial cor-
relation that might significantly degrade the spreading code
properties.

Conclusions

Following the US/EU MBOC agreement, the current main can-
didates for the GPSIII L1C and Galileo E1 OS have been intro-
duced. In particular, the pilot channels have been analyzed
with their use of the new CBOC and TMBOC modulations.

Although adding a very small amount of BOC(6,1) to the
previous BOC(1,1) baseline, it has been shown that the tracking
performances of these future signals are significantly improved
compared to pure BOC(L,1) tracking. In particular, tracking
noise is reduced by 2.4 to 3 dBs in terms of equivalent C/NO,
and multipath mitigation is significantly improved.

Focusing on the CBOC modulation, its multi-level wave-
form could result in more challenging receiver architecture.
In order to keep a simple receiver design to receive a CBOC
signal, a new tracking technique, referred to as TM61, has been
proposed to allow tracking of the CBOC modulation witha 1-
bit only locally generated replica. This method uses time-mul-
tiplexing of BOC(1,1) and BOC(6,1) sub-carrier on the same
model as the TMBOC modulation.

A preferred implementation of TM61 is the use of a pure
BOC(L,1) sub-carrier for the prompt correlators and a pure
BOC(6,1) sub-carrier for the early and late correlators (a DP dis-
criminator being assumed). This yields a much simpler receiver
architecture since it requires only pure sub-carriers with no-
multiplexing (different from TMBOC receivers), 1-bit local rep-
licas (unlike a CBOC local replica) and a minimum of correla-
tors. Please note it is also possible to use another implementation
of the TM61 tracking methods with time-multiplexing.

In its preferred implementation, TM61 brings only a slight
post-correlation SNR degradation (about 0.35 dBs for the
selected CBOC main candidate for Galileo pilot channel),
enabling good phase tracking. TM61 code tracking noise per-
formance is degraded with respect to traditional CBOC track-
ing by approximately 2.4 dBs. However, this has to be put into
perspective considering the substantial reduction in receiver
complexity with TM61 and the fact that thermal noise might
not be the main source of error for many applications.

Finally, the TM61 tracking technique has been demon-
strated to provide, in its preferred implementation, a better
multipath resistance compared to traditional CBOC tracking.
In any case, the use of TM61 to receive a CBOC signal has been
shown to significantly outperform the traditional reception of a
pure BOC(1,1) with equivalent power, thus supporting the use
of the modernized CBOC signal. Consequently, it seems to be
a very good tracking technique for implementation in future
CBOC receivers.
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