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Europe’s program to develop an independent satellite-based positioning sys-
tem — Galileo — seeks to balance several goals: taking advantage of techno-
logical innovation while optimizing the compatibility and interoperability of
Galileo and GPS. Over the past two years, a task force of experts has devel-
oped a proposal for a Galileo frequency plan and signal design that can help
meet these goals. This article describes the current status of their efforts.
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his article describes the Galileo fre-

quency structure and signal design
as developed by the European Commission’s
Galileo Signal Task Force (STF).The
European Commission (EC) established
the task force in March 2001. Chaired
by the EC, the STF consists of experts nom-
inated by European Union (EU) member
states, official representatives of the
national frequency authorities, and
experts from the European Space Agency
(ESA).

The Signal Task Force is playing a major
role in determining the Galileo frequency
and signal design. The STF reports to the
EC Galileo Steering Committee through
the EC for approval. One task of the STF
is to look for ways to optimize the inter-
operability of Galileo with the Global Posi-
tioning System (GPS). The Signal Task
Force also contributes to the preparation
of the next World Radio Conference
(WRC) to be held by the International
Telecommunications Union (ITU) in 2003
(WRC2003).

This article presents the most recent pro-
posal for the Galileo frequency and sig-
nal structure. It first discusses the relevant
requirements for the system. The discus-
sion then describes the mapping of Galileo
services to signals, followed by detailed
considerations (noise and multipath) of
the relevant frequency bands. We discuss
the results from interference analyses as
well as the matter of interoperability and
compatibility with GPS in terms of signal
structure and geodetic and time reference
frame.

Signal Requirements

The European Union intends for the Galileo
system to provide four navigation services
and one search and rescue (SAR) service,
The primary signals of Galileo are intended
to provide an “Open Service” (OS) of a high
quality, consisting of six different naviga-
tion signals on three carrier frequencies.
0S performance will at least equal that
expected from the “follow-on” generation
(Block ITF) of GPS satellites scheduled to
begin launching in 2005 and the future GPS
ITI system architecture currently being
investigated.

The GPS IIF/II satellites will offer wide-
band signals on three civil (open) frequencies:
one high-chipping rate signal (L3 centered
at 1176.45 MHz) and two low-chipping rate
signals (L1 at 1575.42 MHz, L2 at 1227.60
MHz). Moreover, the GPS modernization
program will offer additional civil and mil-
itary code structures on L2.

Compatible, Independent. Among the
leading goals of the STFs efforts was ensur-
ing compatibility and interoperability with
other satellite navigation systems, partic-
ularly GPS, and other uses of the por-
tions of the RF spectrum in which Galileo
will operate. The EC policy paper that lead
to the Galileo Resolution at the Transport
Council Meeting on June 17, 1999, stated
this objective as follows: “Galileo must be
an open, global svstem, fully compatible
with GPS, but independent from it.”

Atits 25-26 March 2002 meeting (dur-
ing which the development phase of Galileo
was finally decided), the Transport Coun-
cil of the European Union again underlined
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i:s desire that compatibility and interop-
< ability with GPS should be one of the key
drivers for Galileo. The present Galileo sig-
nal plan achieves a maximum of interop-
erability to GPS, while still reducing
vulnerability when using one system as a
back-up of the other.

Independence means preventing or reduc-
ing vulnerability to simultaneous failures
of GPS and Galileo. This can be achieved
in part by maintaining separate space and
ground infrastructures and control sys-
tems, and in part by implementing distinct
signal designs and separate frequencies.

In order to discuss the term “fully com-
patible with GPS” in more detail, we must
consider the general users of a Global Nav-
igation Satellite Systemn (GNSS). For their
work, these users want to be able to track
as many satellites as possible in order to
increase positioning performance and have
redundancy for signal availability, integrity,
and continuity. The best way to achieve this
is through use of an “all-in-view,” combined
(Galileo/GPS) receiver, which can be man-
ufactured cheaply only when the design is
as simple as possible.

This can be achieved well if GPS and
Galileo signals use the same centre
frequencies, because use of multiple fre-
quencies by GNSS receivers would require
several front-ends (antenna elements, RF
integrated circuits, and low noise ampli-
fiers) and a more complex signal process-
ing design. Multiple frequencies also
introduce frequency biases in the receiver
that have to be solved either by calibration
(if possible) or by incorporating extra obser-
vations into the positioning algorithm in
order to determine and eliminate these
biases.

Security Aspects. A global satellite nav-
igation system, even a civilian one such as
Galileo, must also consider global security
aspects. Satellite navigation is nowadays
— and even more in the future — used in
critical infrastructure where an uninter-
rupted GNSS service is absolutely vital.
Examples can be found in telecommuni-
cations, electrical energy distribution, bank-
ing and financial transactions, and other
sectors where, in particular, GNSS time is
used.

In these sectors an interrupted service
would provoke a chain of other malfunc-
tioning services. Disruption of GNSS ser-
vices is a potential threat for national and
world economic systems as well as safety
and security-related applications. Misuse
of GNSS services can threaten national
security. Consequently, spectral separation
and secure, controlled-access services
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are ways to protect GNSS users against
interruption. A good example is the decou-
pling of military and civil services in the
modernized GPS by using different wave-
forms. In times of a crisis, civil services
must be “jammable” without affecting the
military and/or security signals.

Interference Issues. A new GNSS service
must avoid interfering with existing ser-
vices that operate in the same portion of
the RF spectrum, including GPS and Rus-
sia’s GLONASS system. Depending on the
choice of the signal power level and the
chipping rate, it may be acceptable for a
signal to have a spill-over of side-lobes into
neighboring frequency bands as long as
the interference is insignificant as defined
by ITU rules and below a certain level (less
than 0.25 dB). Overlays on identical car-
rier frequencies might even be possible
using different waveforms and code struc-
tures that don’t interfere significantly with
each other. This latter approach represents
part of the Galileo signal and frequency
plan proposed by the STF.

Recent Developments

During summer of 2002, several modifi-
cations took place in the baseline STF pro-
posal previously presented, leading to a
refined signal structure. (For the earlier

proposal, see the article by G. Hein et al,
“The Galileo Frequency Structure and Sig-
nal Design,” 2001, listed in the Further
Readings section at the end of this article.)
The main changes and add-ons concern
the following:

In the lower L-band (that is, E5a and
ES5b) the central frequency for E5b was
moved to 1207.140 MHz in order to mini-
mize possible interference from the Joint
Tactical Information Distribution Sys-
tem (JTIDS) and the Multifunctional Infor-
mation Distribution Systemn (MIDS). All
signals on E5a and ESb are using chip rates
of 10 Mcps. The modulation for that band
is still being optimized with the possibility
of processing very wideband signals by
jointly using the ESa and ESb bands. This
joint use of the bands has the potential to
offer enormous accuracy for precise posi-
tioning with a low multipath. Data rates
have also been fixed.

In the middle (that is, E6) and upper (E2-
L1-E1) L-band data and chip rates were
also defined as well as Search and Res-
cue (SAR) up- and downlink frequencies.

Extensive interference considerations
took place in E3a/ESb concerning Dis-
tance Measuring Equipment (DME), the
Tactical Air Navigation System (TACAN)
and the Galileo overlay on GPS L5; in
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L. E6 concerning the mutual interference

to/from radars and in E2-L1-E1 frequen-
cies with regard to the Galileo overlay on
1GPSLI.
| The EC Signal Task Force and ESA have
refined criteria for the code selection and
" have as well formulated the requirements
on each frequency. Reference codes have
been selected allowing initial assessments.
Parallel investigations are on-going address-
ing alternate solutions for the Galileo codes
and targeting improved performances. (See
the article, A New Class of Spreading Codes
Exhibiting Low Cross-Correlation Prop-
erties, by T. Pratt in the Further Readings
section.)

Frequency, Signal Baseline
Galileo will provide 10 navigation signals
in right-hand circular polarization (RHCP)
in the frequency ranges 1164-1215 MHz
(ESa and ESb), 1260-1300 MHz (E6) and
1559-1592 MHz (E2-L1-E1), which are part
of the Radio Navigation Satellite Service
(RNSS) allocation. (The frequency band
E2-L1-E1l is sometimes denoted as L1 for
convenience.)

Figure 1 presents an overview of these
signals, indicating the type of modulation,
the chip rate, and the data rate for each sig-
nal. The figure also highlights the carrier
frequencies, as well as the frequency bands
that are common to GPS. All the Galileo
satellites will share the same nominal fre-
quency, making use of code division mul-
tiple access (CDMA) techniques compatible
with the GPS approach.

Six signals, including three data-less
channels or pilot tones (ranging codes not
modulated by data), are accessible to all
Galileo users on the ESa, E5b, and E2-L1-
E1 carrier frequencies for OS and Safety-
of-life Services (SoL). Two signals on Eé
with encrypted ranging codes, including
one data-less channel, are accessible only
to some dedicated users who gain access
through a given Commercial Service (CS)
provider. Finally, two signals (one in E6
band and one in E2-L1-E1) with encrypted
ranging codes and data are accessible to
authorized users of the Public Regulated
Service (PRS).

A 1/2-rate Viterbi convolutional coding
scheme is used for all the transmitted data
messages.

Four different types of data are carried
by the different Galileo signals:

® OS data, which are transmitted on the
E5a, ESband E2-L1-E1 carrier frequen-
cies. OS data are accessible to all users and
include mainly navigation data and SAR
data.
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#% CS data transmitted on the E3b, E6
and E2-L1-E1 carriers. All CS data are
encrypted and are provided by service
providers that interface with the Galileo
Control Centre. Access to those commer-
cial data is provided directly to the users
by the service providers.

@ Sol data that include mainly integrity
and Signal in Space Accuracy (SISA) data.
Access to the integrity data may be con-
trolled, however this is not

Ing or QPSK{10) signals will be generated
coherently and transmitted through twe
separate wideband channels on E5a and
E3b respectively. The two separate ESa and
E5b signals will be amplified separately
and combined in RF through an output
multiplexer (OMUX)) before transmission
atthe 1176.45 MHz and 1207.14 MHz respec-
tive carrier frequencies. In Case A the E5
signal can be written as Equation 1.

foreseen in the short term. Equation 1

@ PRS data, transmitted

on E6 and L1 carrier fre- el
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quencies.
A synthesis of the data mapping on Galileo
signals appears in Table 1.

Modulation Schemes

Given the frequency plan defined earlier
and the target services based on the Galileo
signals, the type of modulation of the var-
ious Galileo carriers results from a com-
promise among the following criteria:

& Minimization of the implementation
losses in the Galileo satellites, making use
of the current state of the art of the related
satellite components.

@ Maximization of the power efficiency
in the Galileo satellites.

© Minimization of the level of interfer-
ence induced by the Galileo signals in GPS
receivers.

@ Optimization of the performance and
associated complexity of future Galileo user
recelvers.

The following subsections describe the
modulation chosen for each Galileo car-
rier frequency. For the ES band in partic-
ular, the trade-off analysis is continuing.
Consequently, we will describe the two alter-
nate solutions under consideration.

The main modulation parameters for
Galileo signals are summarized in Table 1.
Equations 1-3 use the following notation:

* C(t) is the ranging code on the Y chan-
nel (“Y” stands for I or Q for two-channel
signals, or for A, B, or C for three-chan-
nel signals) of the X carrier frequency (“X”
stands for ESa, E5b, E6 or L1).

. DXY(t) is the data signal on the Y chan-
nelin the X frequency band.

s Fyis the carrier frequency in the X fre-
guency band.

. UXY(t) is the rectangular subcarrier on
the Y channel in the X frequency band.

* m is a modulation index, associated
with the modified Hexaphase modulation.

Modulation of the E5 Carrier. The mod-
ulation of E5 will be done according to one
of the following schemes:

Case A: Two quadrature phase shift key-

Case B: One single wideband signal gen-
erated following a modified binary offset
carrier (BOC) modulation called Alt-
BOC(15,10) modulation. The arguments
(f,, 1), denote the subcarrier frequency f,
and the code rate f,. This signal is then
amplified through a very wideband ampli-
fier before transmission at the 1191.795
MHz carrier frequency.

The modulation in Case B is a new mod-
ulation concept. The most interesting aspect
of this concept is that it combines the
two signals (E5a and E3b) into a com-
posite constant envelope signal, which can
then be injected through a very wideband
channel. This wideband signal then can
then be exploited in the recejvers.

The alternate BOC modulation scheme
is based on the standard BOC modulation.
The standard BOC modulation is a square
subcarrier modulation in which the signal
is multiplied by the rectangular subcarrier
of the frequency f,, which splits the spec-
trum of the signal into two parts located at
the left and right side of the carrier fre-
quency. The alternate BOC (AltBOC) mod-
ulation scheme aims at generating a single
subcarrier signal adopting a source coding
similar to the one involved in the standard
BOC. The process allows to keep the BOC
implementation simplicity and a constant
envelope while permitting to differentiate
the lobe. A detailed description of the Alt-
BOC modulation can be found in the arti-
cles by L. Ries et al. (2002b and 2003) listed
in the “Further Readings” section.

Implementation trade-offs and perfor-
mance comparison between the process-
ing of the very wideband BOC(15,10)-like
signal and the joint processing of two sep-
arate QPSK signals of 10 Mcps on E5a and
E5bis ongoing.

Modulation of the E6 Carrier. The E6 signal
contains three channels that are transmit-
ted at the same E6 carrler frequency. The
multiplexing scheme among the three chan-
nels is a major point under consideration




“*3BLE 1 Main Galileo navigation signal parameters. QPSK = quadrature phase shift keying; BPSK = binary phase shift keying |

Frequency Bands ”f'~kESa ] ESb k _ - E6 k E2-L1-E1
Channel ﬂl_"_» Q. [ - Q A B C A B C
Modulation s bemg optlmlzed : BOC(]O 5) BPSK(S)‘ . -BPSK(5) - flexible BOC(2,2) BOC(2,2)
type - [AItBOC 5,10) or two QPSK(10)] e : BOC(n,m)
Chib rates o 10 30 10 5.1»15' ) 51157”' 5115 ‘mx1.023 2.046 2.046
e Mcps - Mcps Mcps® . :Mcps L “Mceps Mcps . Mcps Mcps Mcps - Mcps
- Symbol rates 50 sps_ CUUNJA 250 sps N/A - TBD sps 1000 sps N/A . TBD sps. 250'sps  N/A
User minimum SR ‘ : k
received power -~ ~158 —158‘ f~158 =158 =155 —158' ‘ -158 —155 -158 ~-158
- at 10 elevation - dBW dBW dBwW - dBW. dBW ‘ dBW‘” . dBW*  dBW*

L *a value of 160 dBW is currently under ccnsnderatxon for B and C channels E2 L] El '

today, which shall be carefully optimized.
This optimization process shall take into
account the complexity of the modulation
concepts’ implementation in the satellite
payload and receivers as well as associated
performance (including compatibility
aspects).

The investigated solutions are time mul-
tiplexing and a modified hexaphase mod-
ulation (or interplex modulation). The
modified hexaphase is taken as the base-
line, but the final selection process is on
going between those two potential solu-
tions.

For the modified hexaphase modulation,
a QPSK signal resulting from the combi-
nation of two channels is phase modulated
with the third channel, with a modulation
index being used to set the relative power
among the three channels.

With this current assumption, the E6
signal can be written as Equation 2.

Spreading Codes

In addition to the carrier fre-
quencies and the modulation
schemes, the pseudorandom

TABLE 2 Spreadmg codes mam characterlstlcs

aBw B

noise (PRN) code sequences
used for the Galileo naviga-
tion signals determine impor-
tant properties of the system.
Therefore, the signal plan
needs a careful selection of
Galileo code design parame-
ters. These parameters include
the code length and its rela-
tion to the data rate as well
as the auto- and cross-corre-
lation properties of the code
sequences. Cold-start acqui-
sition times also help characterize the per-
formance of the Galileo codes.

The STF proposal retains a first set of
reference codes that offer a compromise
between acquisition time and protection

Equation 2
SEj(t)z( Cé\g(t)Déé(t)
A

~ (CEMDE (Hcosm + Coy(BDp) U,

Ul (t)cosm — CS(t)sinm)cos (2mFt)

() Cad D3 () Cey()sinm) sin(27F,2)

To be consistent with the relative power
required among the three channels, a value
of m = 0.6155 has been chosen for the mod-
ulation index.

Modulation of the E2-L1-E1 Carrier. In the same
way as the E6 signal, the L1 signal contains
three channels that are transmitted at the
same L1 carrier frequency using a modi-
fied hexaphase modulation. Time multi-
plexing is also being analyzed.

With the baseline modified Hexaphase
based solution, the E2-L1-E1 signal can be
written as Equation 3.

The same modulation index of m=0.6155
is used.

against interference. These codes are based
on shift-registered codes, which will be gen-
erated onboard.

The reference ranging codes are con-
structed tiered codes, consisting of a short
duration primary code modulated by a long
duration secondary code. The resulting
code then has an equivalent duration equal
to the one of the long duration secondary
codes. The primary codes are based on clas-
sical gold codes with register length up to
25. The secondary codes are given by pre-
defined sequences of length up to 100.

Further alternative codes are presently
investigated (Pratt, 2002) and flexibility in

‘:quatlon 3

|
{ = (Cu(t)Df\l(t) U (t)cos m —
} (D (UM tcos m + CL(AD}(2)

CEO UL E)sin m) cos(2wF, 1)

? (DT ()sin m) sin{27F )

www.gpsweridicom

Code Secondary
L sequence’ Primary . code
Channels ofdata duration code length ‘length
20ms 10230 20
100ms . 10230 100
4ms 10230 4
100ms. 10230 - 100
T8D.  — —
Ims o SUS =
IOO‘ms 10230 50
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8124 = . 25

J00ms

the onboard implementation is being con-
sidered to foresee the generation of other
types of codes.

Code Length. The code length for Galileo
channels carrying a navigation data mes-
sage shall fit within one symbol of the Viterbi
encoded data message stream in order to
eliminate code ambiguity. The resulting
code lengths are shown in Table 2.

For the data-less channels, the basic
approach is to consider long codes of 100
ms length. Alternate solutions, however,
are being investigated. The first alternate
one is to follow a GPS L5 approach con-
sisting of a short code of 1 ms length equally
long to the code in quadrature. The second
one is to have a much longer code, which
could have duration of 0.75 second as in
the case of the 1.2 civil signal. Especially in
the case of E5a and E5b it would be useful
to determine the data-less code length by
analyzing the susceptibility against local
interference.

Auto- and Cross-Correlation. The cross-cor-
relation properties (interference) are partly
determined by the actual code sequences,
which we will discuss later in this article.
Especially for E3a, careful code selection
is necessary because at this frequency band |
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Galileo and GPS use the same modulation

TABLE 3 Galileo services mapped to signals
scheme and code rate. :

.| Acquisition Time. Acquisition time, includ- ‘ oS oS 0S - " 0S cs cs PRS
__..|ing time to first fix, primarily depends on o SF DF IA SolL VA MC
| the applied receiver acquisition technique, - ESa, Q- ‘ o
“~Ibut is generally anticipated to be 30-50 sec- ES
| onds for cold-start acquisition for simple bLQ .-
| receivers using the E5 or the E2-L1-E1 sig- £64 :
nal and 30 seconds using Eé in a single-fre- Ebgc 1
quency product. Again, we stress the point LIy ’
that acquisition time performance is largely |_] 2, C

a function of receiver design (for example,
single-frequency versus multifrequency)
and the associated cost implications.

Encryption

Simple, inexpensive code encryption, which
can be removed on request from the ground,
is foreseen for the encrypted CS. Code
encryption should be realized as a tech-
nique controlling the access of code and
data without imposing too many constraints
and efforts on the user segment. The removal
of the encryption should not create a legacy
mantle in the user segment, and the com-
plexity of the encryption should result from
a trade-off analysis of prospective CS mar-
kets and adequate protection needed for
securing those markets,

Service Mapping on Signals. The data carri-
ers will be assigned to provide the follow-
ing service categories which are summarized
in Table 3. OS signals would use unen-
crypted ranging codes and unencrypted
navigation data messages on the E5 and
E2-L1-E1 carriers. A single frequency (SF)
receiver uses signals E2-L1-Elg and E2-
L1-E1. and might receive the GPS C/A code
signal on L1. A dual frequency (DF) receiver
uses additionally signal ESa; and ESaqand
potentially the GPS LS signal. Improved
accuracy (TA) receivers could also use the
E5b;and ESb, signals.

The Safety of Life (SoL) service would
use the OS ranging codes and navigation
data messages on all ES and E2-L1-E1 car-
riers. The Value Added (VA) CS signals
would use the OS ranging codes and nav-
igation data messages on the signal F2-L1-
Elgand E2-L1-El as well as additional
CS encrypted data messages and ranging
codes on the signal Eég and E6.. In addi-
tion to these signals, the Multi-Carrier (MC)
Differential Application CS could use the
OS ranging codes and navigation data mes-
sages carried on the ESa and ESb signals.

The PRS signals would use the encrypted
PRS ranging codes and navigation data
messages on the E6 and E2-L1-E1 carri-
ers, represented by signals E6, and E2-L1-
El,.

Galileo’s SAR Capability. SAR distress mes-
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"DF = Dual Frequency Receiver
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MC-= Multiple Carrier Recelver
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sages (from beacons emitting calls to SAR
operators) will be detected by the Galileo
satellites in the 406-406.1 MHz band and
then rebroadcast to the dedicated receiv-
ing ground stations in the 1544-1545 MHz
band, called L6 (below the E2 navigation
band and reserved for the emergency ser-
vices). Returning SAR data (from SAR oper-
ators to the distress emitting beacons) used
for alert acknowledgement and coordina-
tion of rescue teams, will be embedded in
the OS data of the signal transmitted in the
E2-L1-E1 carrier frequency.

Performance Parameters
Overall performance evaluation of Galileo
signals is currently under investigation.
Major differences between Galileo signals
and the currently transmitted GPS signals
include the BOC (resp. AltBOC) modula-
tion scheme and the large bandwidth
employed for most of the signals.

In this context an important parameter
derives from the pseudorange code mea-
surement error caused by thermal noise.
Table 4 shows the Cramer-Rao lower bound
(See Further Readings, J. Spilker, 1996) for

“TABLE 4 Code accuracy :&ﬁ‘é""‘ia‘th'e'rfrﬁélff roise

kProcessed sngnals Modulatlon :

ESaorfSb - BPSK(I0)
-E5a + ESb, non-coh,-~ BPSK(10) -

. ESa+ ESb, coh. - BOC(]S 10).
CE6y o BOC0,5)
E6, + E6 . BPSK(5)
o Ll e - BOC(14,2) =
R FEARM . “BOC(2,2)
CUGPSC/A T T epsK()
COGPSLS ' ‘

- BPSK(10)

“Power -

PRS = Public Regulated Service
.. Sol = Safety of Life Service
-SF='Single Frequency Receiver
= --VA = Value Added

this value of all Galileo signals and the GPS
C/A and L5 signals. Assuming a receiver
delay-lock loop (DLL) bandwidth of 1 Hz,
we used a value of -205 dBWs to convert
the minimuin received power to a typical
carrier-to-noise density value. The power
of the processed signals in one frequency
and service (that is, data and pllO'[ chan-
nels) are combined.

Table 4 reveals that BOC signals exhibit
low pseudorange code measurement errors
because the power spectral density is located
at the lower and upper boundary of the fre-
quency spectrum and not at the center as
it is for BPSK or QPSK signals. The results
also imply that the autocorrelation func-
tion of BOC signals shows multiple peaks,
which necessitates implementation of ded-
icated algorithms in a receiver to track the
correct (central) peak. Tracking of BOC sig-
nals is discussed in (Betz, 1999 and Pany
etal, 2002).

Large signal bandwidths allow the use
of a very narrow correlator spacing. Low
thermal noise and low code multipath are
the resulting benefits. Code multipath
envelopes differ significantly for BOC and

BandWIdth : Code nonseﬁ

[MHz] [cm]
24 - 46
24 32 0
51 0.8
40 1.7
24 6.2
32 1.2
24 5.5
24 1239

24 4.1

WWWL G ASWRTId.com
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FIGURE 2 Multipath error envelope green: BOC(15,10), black:

BOC(10,5), blue: BPSK(10), red: BPSK(5)

BPSK signals, as shown in Figure 2 and Fig-
ure 3, respectively. These two figures use a
coherent early-minus-late code discrimi-
nator with a common discriminator spac-
ing of d = 1/14 to allow for visual
comparisons of all signals and to track the
central peak of the BOC(14,2) signal. The
multipath signal power is ~3 dB weaker
than the direct signal. (Note that typical
multipath amplitudes range between —7
and ~10dB.)

The figures show that multipath per-
formances of BOC signals is generally bet-
ter than for BPSK signals, but detailed
investigations taking into account multi-
path mitigation algorithms and dedicated
multipath scenarios will provide more
insight (Winkel, 2002).

Coherent tracking of ESa and ESb results
in an extremely low code tracking error due
to thermal noise (see line 3 of Table 4) and
good multipath mitigation performance.
Ifthe E5a and E5b are tracked separately
(non-coherently) as QPSK(10) signals and
combined after correlation (that is, aver-
aging the ESa and E5b pseudoranges), the
performance gain is much less (see line 2
of Table 4).

Recent Interference Studies

Aeronautical radionavigation services’ use
of the frequency range 960-1215 MHz, con-
taining the lower L-band E5a and ESb, is
reserved on a worldwide basis to airborne
electronic aids to air navigation and any
directly associated ground-based facilities
and, on a primary basis, to radionavigation
satellite services. This multiple allocation
causes interference, which has to be assessed
carefully to allow the usage of GPS/

www.gpsworid.com

Galileo navigation signals for safety-criti-
cal applications.

Researches have studied the effects of
interference from DME/TACAN, JTIDS/
MIDS, and radar out-of-band radiation on
L5, ESa and ESb for several years. Inter-
ference due to these ground-based sources
increases with altitude, because more inter-
fering signals are received.

The most sensitive parameter in this con-
text is the limited acquisition threshold
margin that GNSS signals have to cope with
interference, for example, 5.8 dB for GPS
L5, 4.8 dB for Galileo ESa, and 3.3 dB for
ESb. Tracking threshold and data demod-
ulation threshold values are a few decibels
higher. In establishing the margins,
researchers assumed use of a standard time
domain pulse blanking recejver and advanced
signal processing (Hegarty et al, 2000). We
should note that, in contrast to the United
States, Europe does not currently plan to
reallocate certain DMEs to circumvent this
problem.

Compatibility, Interoperability
As mentioned at the outset, EU policy man-
dates that Galileo shall be designed and
developed using time, geodesy, and signal-
structure standards interoperable and com-
patible with civil GPS and its augmentations.
In this context, compatibility implies that
Galileo or GPS will not degrade the stand-
alone service of the other system. Interop-
erability refers to the ability for the combined
use of both GNSSs to improve upon accu-
racy, integrity, availability, and reliability
through the use of a single, common receiver
design.

FIGURE 3 Multipath error envelope
black: BOC(2,2), red: BOC(14,2), blue: BPSK(1)

Signal in Space
Galileo/GPS interoperability is realized by !
a partial frequency overlap with different f
signal structures and/or different code |
sequences. At ESa (corresponding to L3) |
and E2-L1-E1 (or L1), Galileo and GPS sig- |
nals are transmitted using identical carrier ?
frequencies. At L1 spectral separation of |
GPS and Galileo signals is accomph'shed\‘
by use of different modulation schemes. |
This allows jamming of civil signals with- ]
out affecting GPS M-code or the Galileo
PRS service.

Using the same center frequencies dras-
tically simplifies receiver front-end design
at the cost of mutual interference of both
systerns. This so-called inter-system inter-
ference comes in addition to the interfer-
ence of navigation signals belonging to the
same system, or intra-system interference.
Only the sum of both types of interference
is relevant for determining the receiver per-
formance.

Interference has been extensively described
in (Hein et al, 2001, de Mateo et al., 2002
and Ries et al, 2002a); so, we will provide
only a brief overview and update here. For
details we refer to the article by J. Godet et
al listed in the Further Readings section,
which describes satellite orbital parame-
ters, antenna diagrams, user locations, and
signal characteristics. The studies have
shown that the C/NO degradation of GPS
C/A code signals due to Galileo BOC(2,2)
signals never exceeds 0.2 dB over the world
at any time. For the International Space
Station, it is 0.22 dB. Figure 4 presents a
global map showing the maximum inter- i
systern C/NO degradation as a function of
geographical coordinates.
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The maximum intra-svstem or self-inter-
‘| ference that the GPS C/A codes are cur-
rently suffering is below 2.7 dB and much
higher than the potential intersystem inter-
ference from Galileo signals.
I The maximum inter-system interference
(0.2 dB) does not occur at the same time
‘Inor in the same space as the maximum
intra-system interference. Conversely,
the maximum intra-system interference is
reached when the inter-system interference
is minimal. The maximum total (intra- plus

inter-system interference) is shown to be
slightly above 2.7 dB, which in the worst
case yields a degradation due to Galileo sig-
nals of the current GPS C/A-code link bud-
get of only 0.05 dB. (By modifying the GPS
constellation — number of satellites and
power — this value could go as high as 0.08
dB. See article by J. Godet et al.)

C/A degradation due to other Galileo sig-
nals is much less than for the BOC(2,2) sig-
nal (Hein et al., 2001). Therefore, we find
a high confidence that no GPS user will be

o

: Lowdeg),'bg:'_if e

FIGURE 4 Maximum CPS C/A code C/NO degradatxon in [dB} due to inter-system interfer
ence from a Galileo BOC(2,2) signal on E2-L1-E]

LON(deg) .

from Calileo E5a

FIGURE 5 Maximum GPS L5 C/NO degradatlon in [dB] due to inter-system mterference

TABLE 5 Reciprocal level ofmterference (worst cdse hnk budget"‘dégkradatibh / inter- -

system C/NO degradatlon)

G_PS induced mterference

‘ HGaliileo-inkduced [

Frequency band on Galileo interfer_ence onGPS - ‘V
L1 _ + 0.03d8/0.09d8 . 0.05d8/0.2dB
20 0.2dB/0.4dB

f E5a/L5
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05 dB/OTS dB

atfected by interference lrom the Galileo
signal overlavon L1

On ESaand LS inter-system interference
is generally higher, because identical mod-
ulation schemes might be used. For exam-
ple, Figure 5 shows GPS L5 signal C/NO
degradation due to Galileo E5a as a func-
tion of geographical coordinates.

We also investigated Galileo signal degra-
dation due to GPS signals and have sum-
marized the resuits in Table 5. This research
shows that reciprocal interference levels
are very low on L1, but more significant in
ESa/LS. We noted in the previous section
that DME interference of E5a and L5 leaves
only a small margin to civil aviation users
at high altitudes, especially over Europe
where no DME reallocation is planned.
Therefore, GPS degradation on Galileo in
ES5a must be carefully assessed in future
work.

Coordinate Reference Frame
The Galileo coordinate reference system
will adopt international civilian standards.
However, the realization of the Galileo coor-
dinate and time reference frames should
be based on geodetic reference stations and
clocks different from those used by GPS.
This will ensure independence and vul-
nerability of both systems, allowing one
system to act as a backup solution for the
other.

The Galileo Terrestrial Reference Frame
(GTRF) shall be in practical terms an inde-
pendent realization of the International Ter-
restrial Reference System (ITRS) established
by the Central Bureau of the Internationa)
Earth Rotation Service (IERS). The result-
ing reference frame is based on the coor-
dinates of the Galileo ground stations. GPS
uses WGS84 as a coordinate reference frame,
which is practically also a realization of the
ITRS that uses the coordinates of the GPS
control stations. The differences between
WGS84 and the GTRF are expected to be
only a few centimeters.

Consequently, in terms of the interop-
erability of both GNSS systems, this implies
that WGS84 and GTRF will be practically
identical within the accuracy available from
both realizations of ITRS (that is, the coor-
dinate reference frames are compatible).
This accuracy is sufficient for navigation
and most other user requirements: the
remaining discrepancies at the two-cen-
timeter level are only of interest for research
in geosciences. If needed at all, transfor-
matjon parameters could be provided by
an external Galileo geodetic reference ser-
vice provider. The current STF proposal
does not foresee a need to put such infor-
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mation into the navigation data message
broadcast by Galileo satellites.

A coordinate reference frame has to be
accomplished by an Earth’s gravity model.
For example, the WGS84 uses a spherical
harmonic expansion of the gravity poten-
tial up to the order and degree 360. For
Galilec a similar model must be consid-
ered, and is expected to draw upon results
from the European satellite gravity mis-
sions GOCE and CHAMP as well as the
American mission, GRACE.

Time Reference Frame
The Galileo System Time (GST) shall be a
continuous coordinate time scale steered
towards the International Atomic Time
{TAID) with an offset of less then 33 nanosec-
onds. The GST limits, expressed as a time
offset relative to TAI, should be 50 nanosec-
onds for 95 percent of the time over any
vearly time interval. The difference between
GST and TAI and between GST and
UTC(Pred) shall be broadcast to the users
via the signal-in-space of each Galileo ser-
vice,

The Galileo ground segment will mon-
itor the offset of the GST with respect to
the GPS system time and eventually broad-
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cast the offset to users. The offset could
also be estimated in the user receiver by
“spending” just one satellite observation.
The accuracy of the receiver solution would
probably be higher than the one (eventu-
ally) transmitted. Thus, broadcasting might
not be necessary for the general navigation
user.
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