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ABSTRACT

Because of the limited availability of the spectrum
allocated for navigation systems, the numerous navigation
signals broadcast by Modernized GPS and Galileo system
will have to be combined and employ bandwidth-efficient
modulations.

Indeed, the GPS modernization scheme entails the
addition of the new military signal (M-code) to the
established C/A and P(Y) codes at the same carrier
frequency. One of the most important questions is how to
combine this new signal with the legacy ones at the



payload level, while maintaining good performance at
reception. This problem also exists for Galileo since:
- in the L1 band, the Open Service (OS) signal
(two channels) and the Public Regulated Service
(PRS) signal must be transmitted on the same
carrier.
- in the E6 band, the Commercial Service (CS)
signal must be transmitted with the PRS signal.

The Interplex modulation, a particular phase-shifted-
keyed/phase modulation (PSK/PM), was chosen to
transmit all these signals because it is a constant-envelope
modulation, thereby allowing the use of saturated power
amplifiers with limited signal distortion ([STF, 2002;
Rajan and Irvine, 2005]).

The main objective of this paper is to study the
Interplex modulation, as it is used for the GPS and
Galileo signals. In a first part we will present the Interplex
modulation, its general formulation and its application for
the multiplexing of three signals. Then, we will be
interested in the application of this modulation to the GPS
L1 signals and the Galileo L1 signals. We will give the
general expression of the GPS L1 Interplex signal and
show the modification which must be made on the general
expression of the Interplex modulation to apply it to the
case of the combination of the C/A and P(Y) codes with
the new M-code. With regards to the Galileo signals we
will study two different cases. In the first case we will
consider that the OS signal is a classical BOC(1,1). In the
second case we will make the study, assuming that the OS
signal is the new signal called Composite Binary Coded
Symbol (CBCS), recently published ([Hein et al., 2005]).
To conclude, the theoretical formula of the power
spectrum densities of the GPS L1 Interplex signals and of

the Galileo L1 Interplex signal are given.

I. INTRODUCTION

The modernization of GPS and the development of the
GALILEO system have led to the study of different
modulation techniques in the L1 band in order to obtain
the best performance at the reception level. Several
techniques were proposed to solve this problem: (1) the
Coherent Adaptive Subcarrier Modulation (CASM),
which is mathematically equivalent to the Interplex
modulation, presented in [Butman and Timor, 1972], was
proposed by Dafesh et al (1999); (2) the Quadrature
Product Subcarrier Modulation (QPSM) method which
was developed for general quadrature-multiplexed
communication systems [Dafesh, 1999]; and (3) the so-
called majority vote logic technique explored by Spilker
and Orr (1998).

The Interplex modulation was eventually preferred
([Wang et al., 2004; STF, 2002]) because it provides the

ION NTM 2006, 18-20 January 2006, Monterey, CA

101

best overall satellite power efficiencies by combining
multiple signals into a phase modulated composite signal
that keeps a constant envelope. Thanks to this modulation,
the satellite’s high-power amplifier may be operated into
saturation  with  limited undesirable = Amplitude-
Modulation to Amplitude-Modulation (AM/AM) and
Amplitude-Modulation to Phase-Modulation (AM/PM)
distortions. However its main disadvantage is that it
implies intermodulation (IM) terms in order to obtain a
constant envelope, and thus wastes part of the transmitted
power through this IM component.

For GNSS, this waste of useful power should be
carefully analyzed because it is an element for the system
optimization. The Interplex modulation, proposed for
each “new signals”, should be studied because the IM
product could consume more or less power and therefore
induce worse or better performance.

This paper proposes a review of the Interplex
modulation. First a general formulation of this modulating
technique will be presented. Then, we will show which
modulation index may be chosen in the case of the GPS
system and the Galileo system at the L1 band. For the
Galileo system we will study two different cases, whether
the OS signal is a classical BOC(1,1) or the OS signal is a
CBCS (Composite Binary Coded Symbol). For both
navigation systems, the phase diagram of the Interplex
modulation will be presented. Finally we will give the
expression of the power spectrum densities for the GPS
L1 Interplex signal, and for the Galileo L1 Interplex
signal.

II. FORMULATION

As already mentioned, the Interplex modulation is a
particular phase-shifted-keyed/phase modulation
(PSK/PM), combining multiple signals into a phase
modulated composite signal.

The general form of the Interplex phase-modulated
signal, as presented in [Butman and Timor, 1972], is:

s(t) = 2P cos(27f, -1 +6(t)+ @) (1)

where:
= P is the total average power
= fcis the carrier frequency
= 0(t) is the phase modulation
=  @is arandom phase

In the case of GNSS applications
modulation can be defined as:

the phase



6(t)= B,s, (t)+i B, s, (t)s, () 2) 5,(1)-sin(27f, -1+ @) C sz(( ))Co(j(ﬁzzn(ﬂz)sjn(&)]

)
with: 0=r )50 sn(B)eos(s) 1|
esleoten o) ()
. 50)=c,()-d, 1) 5q2nf 1)= %
and finally,
where
sq(t) is a square-wave sub-carrier, 5,(t)-sin(B,)cos(B,)
d,(t) is the materialization of the data message [ 5,(1)- cos(B, )sin (B, )J cos(27, -1+ ¢)
cy(t) is the materialization of the spreading code s(t)=~2P 5,(t)-cos(,)cos(8,) ©)
AT AR BLCL

= N is the number of components, and

= B, is the modulation angle or modulation index
which choice determines the power allocation for
each signal component.

Thanks to Equation 6, it can be noticed that the first
three terms correspond to the desired useful signal terms
S|, So, S3; the fourth term is the undesired intermodulation
term. This IM term is equal to the product of the three
desired signals balanced by the modulation indexes 3, and
3. It consumes some of the total transmitted power that
could be available for the three desired signals. Indeed,
with the Interplex modulation, the power of each
component is equal to:

The most common case for future GNSS signal
configuration is the transmission of three signals on the
same carrier:

=  one signal in the quadrature channel: s,
=  two signals in the in-phase channel: s, and s;3

The Interplex signal can then be expressed as:

K= P~COSZ(,82) COSZ(ﬁ3)

1 P, = P-sin*(f,) - cos’(8,) (7
27, 1 ——s,(1)+ s, (¢ : ’
sy =\2Pcos| 11T W+ hs)-50)] ) P, = P-cos’(B,)-sin’(5,)
+By-5,(t)-5,(0)+ 9 P,, = P-sin’(B,)-sin’(8,)
Note that 3, is taken equal to - n/2 because the signal s; is Equation 7 shows that the power of each signal
in quadrature with the two others signals. component only depends on two variables 3, and B3. Thus
the expression of the equivalent baseband Interplex signal
Such a signal can be generated thanks to the following can be re-written as:
scheme, presented in Figure 1 [US Patent, 2002].
JBs (1) ®)
s =\Ps, 0+ P50+ ]| [P,
- P 5,(8) - 5,(1) - 5,(8)
1
where
A Moo ] P Lincar 5 s(t) = Re{§(t) - exp(2 jaf.t + 9)}
e =\j[/ *  modulator - P27 . 4
o v I Figure 2 represents the power of the different signals as a
) *fs s function of the values of the modulation indexes. The first
graph represents the power of each signal component in
Figure 1: Interplex generator scheme function of B, with B;=n/3 and the second graph represents
the power of each signal component in function of B; with
By developing Equation 3, it can be shown that: Byr=n/3.
t
005[2#(_ "_%'51 (t)+qojcos[ﬁzﬁ sl )( )SZ( L)J
+ t)-s
s(t) = 2P ’ ’ @)

—sin(27f(- ~t—72[~sl(l)+‘/’jsm(+ B, (stl)(t)szz)(f)J
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“atiation of signals power as a function of the Interplex modulation index beta2 (beta3=pi/3)
T T T T T T

Mormalized Power

beta,

“atiation of signals power as a function of the Interplex modulation index beta3 (beta2=pi/3)
T

i3 ] | ; ] ] : J
N N

Mormalized Power

Figure 2: Variation of signals powers as a_function of
Interplex modulation indexes

The Figure 2 shows that the choice of , and B;
depends on the power that we want to give to each signal.
A trade-off must be made to have sufficient power on the
desired signals and non-disadvantageous power on the IM
signal. An accurate study must be made to find the most
suitable values for 3, and [3;.

The different states of the Interplex signal can be
represented on a phase diagram whose x-axis is the in-
phase component and whose y-axis is the quadrature
component. For the present case, the diagram of the
modulation constellation is shown in Figure 3:

Posyfe) cos(8)eos(&)

\"{? 53(5
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— > Signal s,
In-phase signal
- > Signal s3
—_ > Signal s,
Quadrature
—_ > Signal IM signal
O Points of modulation constellation

Figure 3:Interplex modulation constellation

Note that if ¢ = n/2, we have the same figure but with the
complementary angles.

This diagram shows that even if the introduction of the
IM product consumes some of the available power, the
Interplex modulation keeps the magnitude of the
composite signal envelope constant, which facilitates the
use of saturated amplifier in the payload.

III. APPLICATION TO THE NAVIGATION
SYSTEM AT THE L1 BAND
GPS Case

In the L1 band, modernized GPS satellites will
transmit three signals:
= the C/A code signal component, s;.
= the P code signal component, s,.
=  the new military signal M-code, s;.

The signal s; is a C/A-code at 1.023 Mchips per
second code chipping rate in Non-Return to Zero (NRZ)
format. The signal s, is a P-code at 10.23 Mchips/s code
chipping rate in NRZ format. The M-code signal s; is the
product of a code formed with NRZ symbols running at
5%1.023 Mchips/s and a square-wave sub-carrier running
at 10¥1.023 MHz. It is a Binary Offset Carrier, a
BOC(10,5).

In [Dafesh et al., 1999; Dafesh et al., 2000], the
Coherent Adaptive Subcarrier Modulation (CASM) is
proposed as a specific solution for transmitting the three
GPS signals present in the L1 band. This modulation
could be considered as a three components Interplex
modulation with a particular and optimal choice of the
modulation indexes. The CASM proposes to put the P-
code signal and the M-code in the in-phase component
and the C/A code in the quadrature component with the
IM product. We will take this signals layout as reference
but others cases have been studied, particularly in [Wang
et al., 2004], where the P-code and the C/A code signals
are in the in-phase component and the M-code in the
quadrature component.



In the present case, B, is defined thanks to the two
following equations, proposed in [Dafesh et al., 2000]:

orp)= "t nlp)= B o

where Pj is the power of the initial signal in phase
P, is the power of the initial signal in quadrature
P is the total average power.

The only modulation index, which is not set, is . It is
renamed m. Consequently, the power of each signal
depends only on m and is equal to:

P, =P, cos*(m)
P, =P cosz(m)
-sin’ (m)

P,, =P, -sin (m)

(10)

Note that the total average power is maintained constant:
P=P+P,+P+P, =P +P, (11)

The GPS signal transmitted with the CASM modulation
can be written as:

s(t) = 2P cos (12)

279‘;4 2 () ﬁz sl() 2()}

+ms, (1) 5;(1)+ 9

- ~ B, -5,(t)-s,()
005[27% 'H'z'sl(t)+¢jco{+m~sl(t)' 53(t) ]
s(t) = V2P| 1
_gin(ny‘ a4+ Z s )+ ¢)Sin ~Aslt)l0)
§ c 7 +m~s,(t)~s3 1)
)osin . cos(—ﬁ )COS( )
) _5](1‘) (2790( l‘+¢7) ( s, ( ) ( ) snl( ﬁz)sin(m)]
s(t)=+2P "
_s (t)~COS(2790 't+¢) [ ( ) ( ) sm( ,BZ)COS(m) J
8, c +5,()- 55(t)- cos(~ B, )sin(m)
[\/7—;2(: COS(;n’)n j cos(27y‘c ‘t+9)
=3 2 83l (15)

cos(m)

(0)-54(0)-sin(m)

W JF. sl() ]-sin(2m~t+¢)

As already seen in the previous section, the
intermodulation product is the product of the signals sy, s,
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and s;. In this case, the product of the three GPS signals is
a BOC(10,10) sub-carrier, so the IM product is a
BOC(10,10).

The modulation constellation of the GPS Interplex
modulation is presented in Figure 4:

Figure 4:GPS Interplex modulation constellation

As previously the envelope of the signal is constant
even if some of the available power is wasted in the IM
product.

GALILEO System

The modulation scheme used to transmit the L1
Galileo signal and proposed in [GJU, 2005] is similar to
the modulation scheme proposed, previously, for the GPS
case.

Let’s assume that in the case of the Galileo system the
signals that will be broadcast in the L1 band are:
= the PRS signal. It is a cosine-phased
BOC(15,2.5) signal, s;.
= the data OS signal. It is a BOC(1,1) signal s,.
= the pilot OS signal. It is a BOC(1,1) signal s;.

The only difference between the signals s, and s; is
their codes, which don’t have the same values even if they
have the same code rate.

In the present case, as referred in [GJU, 2005], the
total power should be equally divided into the in-phase
component and the quadrature component. Moreover the
power of the data OS component should be equal to the
power of the pilot OS component. Consequently, the
parameters B, and P; are set by the following

relationships:



{PI=P~cosz(ﬂz)~cos2(ﬁ3)=2~P~sin2(ﬂz)~cosz(ﬁ3) 16)

P, =P, = P-sin’(B,)-cos*(B,)
This system leads to f,=-B;=m=0.6155 rad.

Consequently, the expression of the signal transmitted is:

z
s(1) = /2P cos 2. .t_zls'(t“m'sl(t)'sz(f)

(17
—nm- sl(t)' S_;(t)+ o
[slsnlrkte) | oo 1+
o= (18)

+
N
+
)
—_— = —
(@]
=}
@
1o
—_
3
~

1) Sz(l)‘ S3(t)‘ sinz(m)j . Sin(zﬂtf(. 1+ @)

In this case, the power of each component is equal to:

P = P-cos4(m)
P, = P, = P-cos’(m)-sin’(m)

P,, = P-sin*(m)

19

The diagram of the modulation constellation is shown in
Figure 5:

]
————# —

4 ) cos(m)-si.n(n%)_ \’{F'Sz(

sin {72) - cosa)

6

Figure 5: Galileo Interplex modulation constellation

The Figure 5 shows that the modulation constellation
is only composed of 6 plots. This is due to the fact that the
signals s, and s3 are both BOC(1,1) sub-carrier and by the
way the constellation goes through the points 2 and 5
twice.

Currently, other studies are made to transmit a Galileo
L1 signal which performance is better than the one
obtained with a BOC(1,1). [Hein et al., 2005] proposes to
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transmit a linear combination of a BOC(1,1) sub-carrier
and a Binary Coded Signal (BCS) sub-carrier instead of a
classical BOC(1,1) sub-carrier. Following these
assumptions, the signals transmitted on Galileo L1 would
be:
= A data OS signal that can be represented as:
cos(6,)- BOC(1,1) + cos(8, )- BCS (n.1)
= A pilot OS signal that can be represented as:
cos(@,)- BOC(1,1) —cos(8,)- BCS(n,1)
= the PRS signal already described earlier.

To transmit these signals with the Interplex
modulation we must, in fact, consider separately the
BOC(1,1) and the BCS. So the signals transmitted with
the Interplex modulation are:

= 5y, the BOC(15,2.5) (including the PRS PRN
code).

= 5, the BOC(1,1) sub-carrier only.

= 53, the BCS sub-carrier only.

The expression of the Interplex signal transmitted is then:

279(; 't_g'sl(t)

s(t) = V2P cos +(%—%j~sl(t)~ 8,(1)- (cA(t) +cB(t))

T 6, ) . _
+(Z_Ej 5,() 55(0) - (¢, () —c, () +

where C, is the OS data channel code (spreading code
and data) and Cg is the OS pilot channel code (spreading
code only).

Equation 20 shows that the values of the modulation
indexes are expressed as a function of the angles 0, and
0,, which depend on the percentage of power that is put
on the BCS component.

It can be noticed that the model used for the
optimized Galileo L1 signal is in fact an Interplex
modulation model with 5 signal components and not only
three as the previous ones.

Developing the equation (20) gives:

CO10) o). )
-cos(2af.t + )
R COREAG) RPN

s(t) = \/ﬁ 2 i

5, (1) 5in(6) + sin(6,)

1 2 i
. sin(2af.t + )
_ W (sin(6,)-sin(8,))

(20)

@n



This expression is the expression of the optimized
signal which is proposed to transmit the OS signal and the
PRS signal in the L1 band and presented in [Hein et al.,
2005].

In this case the IM product signal shape depends only
on the PRS signal, C, and Cg. It does not depend on the
BOC(1,1) sub-carrier or on the BCS sub-carrier.

As confirmed in [Hein et al., 2005], the power of each
component is equal to:

(:0s2(9I )+ cosz(é’z)

Py =P, +P,=P- 2
P =P = p.(sin(@ )+Sin(92)]2 (22)
2

. . 2

P, = P(sm(ﬁz)—sm(ﬁl )J
2
We can also notice that:
2 2
cos’(8,) cos’(6,)

Pyocay =P+ B L= and Py =P'TZ (23)

Consequently the values of 0; and 6, allow to set the
percentage of desired BCS or BOC(1,1) powers.

The phase diagram of the modulation constellation is
similar, as the other examples, to the phase diagram of a
8-PSK modulation:

i
+
;

|eale) +e ()
2 i

| CAGIRTIC)
2 ]

Figure 6. Optimized Galileo Interplex modulation
constellation

If we compare the power of the IM product of the
BOC(1,1) signal and of the CBCS signal:
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. . 2
Pui cses =P‘(7sm(92);sm(91 )j Pt _pocany = P-sin*(m)
we notice that for the case of the BOC(1,1) signal the
power depends on only one modulation index, whereas
for the case of the CBCS signal the IM power depends on
two modulation indexes. So the setting of the IM power
seems to be easier with the optimized signal. The
comparison of both IM products will be more precisely
analyzed in the next part with the study of their power
spectrum densities.

IV. POWER SPECTRUM DENSITIES

In order to study the impact of the IM signal on the
spectrum of the L1 GPS and Galileo signals, we will give,
in this part, the theoretical expression of the power
spectrum densities of the Interplex signals presented
previously.

GPS Case

The GPS signal in the L1 band could be written as:

s(t) = Re{5(t)-exp(2 jaf.t + ¢)}

\/F, s,(1)

5(t) = [Ps, (1) =[Py (£) - j . 24
OO | B |

where

5(t) = \JPsy (1) =Py (D)= j-[Bs, () (25)
—j Py - IM ()
So the autocorrelation function of such a signal is:
R, ()=, (7): - cos(27.1) 6)
with
R, (2) = E[5(t)- 8 - 7)]
(\Esz<r)—\/ﬁs3(r)—j-ﬁslm—}
i [P, s (1) 5,(1)" s
R.(0)= TN Py 5, (0) - 8,(2) - 55(0) o

[\/ESZ(I—T)—\/ESS(I—T)—j-\/Esl(t—T)]

—J NPy =175, =7) -5, —7)

The different codes which compose the signals sj, s,
and s; have a very low cross-correlation, so the cross-
correlation between the different codes is herein assumed
to be equal to zero. Consequently,



R; (1) =P, Ry, (2)+ PRy, (7) (28)
+P1 'ERS, (T)+PIM 'g{IM (T)

The power spectrum density of the GPS Interplex
signal is the Fourier Transform of the autocorrelation
function:

1 1
Sx(f)=ZS,e(f—fc)+ZS§(f+fc) (29)

with

[% ] P, -9{52 (T)+P3 '9{53 (T)
Sﬁ(f)_TF .Q(T) -1 +P1 'g{s, (T)+PIM 'g{IM (T) G0

S.e(f):Pz'Ssz(f)+P3'Ss3(f)
+R'Ssl(f)+P1M 'SIM(f) (31)

If n=2p/q is even and if the sub-carrier is sine-phased,
the power spectrum density of a BOC(p,q) signal, is equal
to ([Betz, 2001]):

| sin(ﬁ) sin(7fT,)
Spoc (f)=—- = (32)
71 cos( n)

with T, the code period.

So the power spectrum density of the BOC(10,5) M-code
signal is :

2
5 sin(ﬂ) sin(7f 5)
S ()= o | 20— (33)
¢ cos <
7 cos( 0 )
with T.=1/1.023¢6 s.
And in the case of the BOC(10,10) IM signal:
. . T.Y
10 sm(iggc ) sin(af ﬁ)
SIM (f) = F Jg‘T (34)
< cos <
71 cos( 20 )
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The power spectrum density of a NRZ modulation is:

sin(@‘TC)]z 35)

S(f)=T
(f) c( 70‘TC

with T, the code period.

Consequently, the power spectrum density of the C/A
code signal component is:

5. (f)=T. (“‘ﬁ“J (36)

and the power spectrum density of the P-code signal
component is :

2

7 | sin )

S =< — 37
MO T 37)
10
Finally,

5-P ~sin2(7gf%)

| tanz[%)
Sg(f)=— -

~ T.
7T +10- P, ~sm2(7g‘E) (38)

+P,-sin*(#T.)+10- P, ~sin2(ig‘1T—(“))

with T.=1/1.023e6 s.

The next graph represents the curve obtained with
simulations and the curve obtained thanks to the
theoretical expression of the power spectrum density. We
consider that P;=0.5 dB, P,=0 dB and P;=-3 dB [Fan et
al., 2005] and the curve which correspond to the
simulation case is normalized by its sample number.



Power Spectrurm Density of the GPS LT Interplex signal
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Figure 7. Power Spectrum Density of the L1 GPS Signal

GALILEOQO System

If the case of a BOC(1,1) signal is considered, the
Galileo L1 signal could be written :

s(t) = Re{s(0) - exp(2jaf .1 + )}
where

§(1) =[P, s, () =[Pys (1) + j+[Ps, (1)

+J" PIM 'IM(t)

(39)

The calculation of the power spectrum densities of this
signal is similar to the calculation of the power spectrum
densities of the GPS signal, so:

SA,(f)=isg(f—ft.>+isf<f+fc> 40)

with

S{(f)=P,-S (f)+P-Sg (f)
+P1'Ssl(f)+P1M'SIM(f) (41)

The power spectrum density of the signal s, and the signal
s3 are equal. Their expression is:

| sin(ﬂ‘);r“ )sin(AT,)
Ssz(f)=553(f)=F o (42)
¢ v COS(T)

The signal s; is a cosine-phased BOC(15,2.5), so the
power spectrum density of this signal is:
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T 2
sin(/;f < j
55, (=22 ”){cos(af ;{o] - 1} 3)

c ]—‘(T
af cos{ﬂf 20

The IM term is the product of the signals s;, s, and s3,
so it is a BOC(15,2.5) as the PRS signal. Its power
spectrum density is therefore similar to the equation (43).

So, the power spectrum density of the Galileo L1 signal
is:

cos” (m)

2

S.(f)=2P-cos*(m)-sin*(m)- Sy (f)+P [ ] Ss (f) (4

+sin*(m)

Now the case of the Galileo L1 optimized signal is
considered, the expression of the signal transmitted in the
Galileo L1 band is:

s(t) = Re{s(r)-exp(2j7f.t + p)}

with
c, (1)

'(COS(€1 )'SQ (t)+COS(92)-S3 (l))

2. (o), ()=o), )

=P 45
" sin(6, )+sin(8, ) 45)
Sl (t) : f
A
_IM@) (sin(6,)—-sin(,))
The signal § could also be written:
s (). Sin(@)+sin(6,)
i =P {M+ sos,m}j. w“
2 2 M)

(sin(6,)—sin(6)))

where Spsa and Spgp represent the data Open Service
signal and the pilot Open Service signal, including
respectively the code A and the code B and the weighted
factor depending on 6, and 6.

As previously, we have:

R,(0) =%, (0 c0s(27.1)

with
R. () = E[5(t)- 5(r —7)]



The crosscorrelation between the different codes is again
assumed to be equal to zero. Consequently,

| ~

P
ER& ()= 'EKSOSA (T)+Z ’ EKSOS,, (T)

-(sin(8, ) +sin(8,))* Ry (7) 47)

+

+
o elv o

(sin(8,)—sin(6,))" - %, ()

The power spectrum densities of the optimized Galileo
signal is the Fourier Transform of the autocorrelation
function:

Sx<f>=isf<f—ff>+isf<f+ff>
with
S.(f) =TF[R;(7)]
sin(é’l)
[ENGEEROE A

+(sin(6,)—sin(6,))" - S, (f)

’ (48)
-S
e j (/)

~ |~

The calculation of the power spectrum densities of the
OSA and OSB signals are presented in [Hein et al., 2005].

So we have:

S 54 () :COSZ(‘gl)'5306(1.1)(f)+0052(62)'SBCS f)

, (49)
+ Ti ’ Cos(el ) 005(62 ) Re{FT(pB()C(l,l) ) FT" (chs )}

c
Soss (f)= cos’ (‘91 ) S pocan H+ cos’ (‘92 ) S pes () (50)

2 .
- ? : C()5(491 )~COS(6’2 ) Re{FT(pBOC(l,l))' FT (pBCS )}

C

with Spoc(1,1)and Spcs the power spectrum densities of the
BOC(1,1) and the BCS modulations.

The signals s; and the IM product are both cosine-
phased BOC(15,2.5) modulation. So, the power spectrum
density of the signal § is:

s (f) _f. 0052(91 )'SBOC(l,l)(f)"'COSZ(Hz)'SBCS (f) (51)
: 2 +(Sin2(91 )+Sin2(92 ))'SBU(:(ls,z.s)(f)

with
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SBOC(]S.Z,S)(f)zi' ( ch 0S ﬂf%
af cos| af 20

(T ’
25 Sm[ﬂfz.sj { [ T_] } (52)
) _1

1 sin(%) sin(7fT.)
Sgocan(f)=— (53)
Tl g cos®le)

2
and

sinz(J o
Sus )= 3 S 2 o (-2

w E

i=l j=i ¢
where n refers to the number of symbols in one chip. The
power spectrum density of a BCS([s; ... s,].f.) was
presented in [Hein et al., 2005].

The Galileo optimized signal the BCS, investigated by
[Hein et al., 2005], is the BCS([1 -1 1-11-11-111],1).
It is proposed that the percentage of BCS power
represents 20% of the total OS power. This condition
involves 0,=0.51 rad and 6,=1.12 rad, considering that the
OS power should be equal to the PRS power.

Power Spectrurn Density of Galileo LT Interplex signal
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Figure 8: Power Spectrum Density of the optimized L1
Galileo Signal

Now that the power spectrum densities of the IM
product for the two Galileo signal cases were calculated,
we can notice that in both cases the IM product is a
BOC(15,2.5) sub-carrier, only the power of the two IM
product is different. As already mentioned, we have:

. . 2
Py cpes =P'[Mj ’PIM,BOC(I,I) = P'Sin4(m)



Considering the optimal value for the modulation
indexes in each case and that the total power is equal to 1,
we have:

- for the BOC(1,1) case, [STF, 2002] proposes
m=0.6155 so Py =-9.54 dB.

- For the CBCS case, [Hein et al., 2005] proposes
20% of BCS, so Py =-13.72 dB.

Therefore the power wasted in the IM product is more
important in the case of the classical BOC(1,1) signal.

To conclude, in the next graph the GPS signal and the
optimized Galileo signal power spectrum densities

envelopes have been plotted:

Power Spectrurn Density of the Galileo and GPS signals in L1

Mormalized Power [dBHz]

frequency [Hz] 7

Figure 9:Power Spectrum Densities of the L1 band
signals

V. CONCLUSION

This paper has provided two main points. First it has
been shown that the expression of the combined L1 GPS
signal and the expression of the combined L1 Galileo
signal could be linked to a unique formula considered as
the definition of the Interplex modulation. It was also
shown that the optimized Galileo L1 signal could be
linked to this formula. For the different cases the phase
diagram of the modulation was presented.

Secondly the expression of the power spectrum
densities of all the navigation L1 signals have been
theoretically calculated and a particular attention is made
on the intermodulation term. Indeed the Interplex
modulation guarantees a constant envelope for the
navigation signals by creating an intermodulation term
which is useless for the navigation but must be taken into
account for a signal power optimization. Besides it has
been shown that the IM product power of the optimized
Galileo signal is weaker than the IM product power of the
classical Galileo signal.
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