The E1 Galileo Signal

Kai Borre

Aalborg University, Denmark

@6 Lecture at SU May 27, 2009




Carrier [MHZz]

LI
1575.420

L2
1227.60

L5
1176.450

El
1575.42

E6

Galileo 1278.750

E5
1191.795
a:1176.450
b:1207.140

C/A

Data

Modulation

BPSK

Chipping rate
1.023Mcps

Code Length
1023

Full length [ms]

P(Y)
M
L2 CM
L2 CL
P(Y)
M

Military
Military
Data
Pilot
Military
Military

BPSK
BOC(10,5)

TM and BPSK

BPSK
BOC(10,5)

10.23Mcps
5.115Mcps
0.5115Mcps
0.5115Mcps
10.23Mcps
5.115Mcps

for 7days

10230
767250
for 7 days

Data

Pilot

QPSK

10.23Mcps
10.23Mcps

10230
10230

PRS

BOCc(15,2.5)

10.23Mcps

25575 * |

Data

Pilot

BOC(, 1)

1.023Mcps
1.023Mcps

4092 * |
4092 * 25

PRS
Data

Pilot

BOCc(15, 5)

BPSK(5)

5.115Mcps
5.115Mcps
5.115Mcps

51150 * |
5115%*1
10230 * 50

a-|
a-Q

b-I
b-Q

Data
Pilot
Data

Pilot

AItBOC(15,10)

10.23Mcps
10.23Mcps
10.23Mcps
10.23Mcps

10230 * 20
10230 * 100
10230 * 4
10230 * 100

BOC(fs/fg, fc/fg); fo reference frequency [MHz]is subcarrier frequency [MHz], ané& chip rate
[Mc/s]. For BOC(1,1) we havdg = 1.023MHz, fs = 1.023MHz, and fc = 1.023Mc/s.
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‘ Specifics for the Galileo Signi

The E1 signal is composed tifree channelscalled A, B, and C. E1-A (meaning
the A channel within E1) is a restricted access signal. hgirag codes and
navigation data are encrypted. The data signal is E1-B anddla-free signal is
E1-C. A data-free signal is also callegidot signal. It is made of a ranging code
only, not modulated by a navigation data stream.

The E1 signal has a 4092 code length with@2B MHz chipping rate giving it a
repetition rate of 4 ms; on the pilot sighal a secondary cddiength 25 chips
extends the repetition interval to 100 ms.
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Under some circumstances it may be difficult to separate trded signal from
the unwanted ones and the unwanted one is often a crossatmmndiom another
satellite as the inherent CDMA isolation of the codes is ombuad 21 dB. The
cross-correlation problem is solved by usweyy long codesHowever, longer
codes also delay the acquisition process. To search thdoregycode lengths
proposed for the new signals would be impractical, so thesdave been
designed with escape routes. The most common one is cdiiectd code This
means it is built in layers so that when you have a strong signacan acquire

on a simple layer, with less time-domain possibilities yswitching to the
full-length code when required.

The minimumbandwidthis generally twice the chipping rate for simple codes,
while for BOC codes it is twice the sum of chipping rate andetffsode rate.
Thus, the minimum practical bandwidth for the Galileo E1 MI8z.
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Within this 4 ms period the signal-to-noise ratio (SNR) prdagdhe downloading
of data for signals weaker than 25 dB/Hz. The data-downldadtson is
Improved by usindgorward error correction codeéstandard Viterbi coding), and
block interleavealso covers for burst errors. Forward error convolutiomales
spread the information from one user data bit over many mnéted symbols. If
some of these are lost, the data bit can be recovered fronthieeso However, a
burst error may destroy all the relevant symbols. Interle@wvhich transmits the
symbols in a scrambled sequence (30 columr&rows) , means that a single
burst error cannot destroy all the symbols relevant to dsinger data bit. The
downside is that it adds latency to the message, to allovhfor t
Interleaving/de-interleaving process.

The 4 ms repetition rate is ideal because there is one synaipaigale epoch.
When the code is synchronized, we know that we will not hit i@ dé edge
because these always occur at the start of a code sequence. oUn,
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On the pilot channel, acquisition can be done in two stagddapeak
sensitivity, 25 consecutive 4 ms correlation results casdved. Then
re-correlated with the secondary code to generate the ésaltr The effect of the
tiered codes i + m processing effort rather thanx m.

Thesignal isthe product of carrier, spreading code, BOC, and data.
Traditionally, the RF hardware removes the carrier, theatators remove the
BOC(1,1) code, leaving the data and the residual Doppler to be
removed/measured by a processor. With the BOC(1,1) codeBQke
component should have been considered part of the spreamiiiefor tracking
and positioning; but it is equally viable to consider it pafrthe carrier during the
acquisition phase, and remove it prior to the empirical&atron of acquisition.

The ACF of a BOC(1,1) code hasthree peaks, not just one, so care must be takén
to ensure that the correct one has been found.
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‘ Details on the Galileo E1 Sign'l

We describe and combine all elements necessary to genleedtd tGalileo
signal.

The transmitted bandwidth is 24 1.023 MHz = 24.554 MHz. The minimum
received power for the E1 signal+4sl57 dBW for elevation angles betweerf10
and 90. The chip length of the ranging code is

TC,El-B — TC,El-C = 1/1.023 Mchip/s= 977.5ns (1)

The actual chips for the individual satellites are pse@amdom memory
sequences provided in a hexadecimal representdtimgier chipping rates
provide better accuracy. Longer codes reduce cross correlation to more
acceptable levels, although acquisition time islonger.
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The correspondinganging code ratesre

Re.E1-B = 1/ T¢ E1-B = 1.023 Mchip/s
Re.E1-c = 1/ T¢ E1-c = 1.023 Mchip/s

and subcarrier rates
RSC,El-B = RSC,El-C = 1.023 MHz

Channel C uses both a primary code of lenyh = 4092 chips and a secondar
code of lengthNg = 25 chips. Therimary codes a pseudo-random memory
code sequence, so when the number of 4092 chips Is reachaeagibter is reset
to its initial state. There are defined 50 memory codes fos#tellites.
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Thesecondary codenodulates 25 specific repetitions of the primary code. Fo
each subcarrier all satellites transmit the same secomoals. the octal sequence
34012662. The resulting code length is 40925. It is called aiered code

Let the primary code generator work with chip ré&®p. The secondary code
generator has chip ratkks = Rp/Np, whereNp is the length in chips of the
primary code. In all signal modulations the logical leveksit O are defined as
signal levels—1 and 1 (polar non-return-to-zero representation).

Now we have information for defining the binary signal com@ais for channels
B and C. However, information on channel A is not available.

The signal component for channel B results from the modudokdition of the
navigation data streang1_pg, the PRN code sequencgq_g, and the B
subcarrieiscg1_g. The final component is callesg.

Lecture at SU May 27, 2009



Likewise, the C channel results from the modulo-2 additibthe C channel PR
code sequenag:1_g Wwith the C channel subcarriecg1_c. The component is
ec. The binary signal components are as follows:

ea(t) = not available (2)
—+00

x sign(sin(2r RC,El_Bt))), (3)

Z (CEl—C,(i mod 4093 ectr, ¢, (t —1T¢ E1-C)

| =—00

X sign(sin(Zn RC,El—Ct)))- (4)
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‘ Coherent Adaptive Subcarrier I\/Iodulati'n

The three channel sighads (t), eg(t), andec (t) of the E1 signal are
multiplexed using CASM which is a multichannel modulati@heme
also known as tricode hexaphase modulation (or interplesutadion).

CASM is used to ensure that the signal transmitted from ttedlga has a
constant power envelope, I.e., the total transmitted pal@es not vary
over time. Thusthe transmitted information is not contained in the
signal amplitude and the transmitted signal amplitude becomes less
critical. This is a very desirable property of the signaktsimt allows the
use of efficient “class C”-like power amplifiers.
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\ Galileo Modulation Schem‘

SCE1-C

The Galileo modulation scheme is based on the principle die@mnt Adaptive Sub-Carrier Modulation
(CASM)
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The E1 data and pilot signals are modulated onto the cardphase component
while the E1-A signal is modulated onto the quadrature camept The
combined signal is

S(t) = (axep(t) — aec (1)) cog 2 f1t)
— (Beat) + yea(eg(t)ec(t)) sin2r f1t).  (5)

In this expressiow, 8, andy are amplification factors that determine the
distribution of useful power among the channalsB, andC. We assumd3 and
C have equal power.

For givenrelative signal powers we want to solve for these varialfeslet us
assume a relative signal power of 50% fayrand 25% for botB andC.
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The given choice of relative signal powers defines the fahgysignal:

2
S(t) = %(es(t) — ec (1)) cos2r 1)

1 :
- 3(2ea® +eateg(ec ) sinr fit).  (6)

The producep(t)eg(t)ec (1) Is the intermodulation product E1 Int in CASM,
which ensures the constant envelope property of the trateshsignal. The
transmitted power is distributed as follows:

E1l, data = 22.22%
E1, pilot = 22.22%

E1, restrict B2 = = 44.44%

Wik WIN

E1 Int 2 _1111%
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This means that only 88.88% of the total transmitted powaseful. The power
offered for the E1 Int signal is wasted; apparently this asthe price we must
pay to obtain a constant envelope for the sigb@).
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‘ Binary Offset Carrier Modulatio'

The Galileo signals and the planned modernized GPS signtasit improved
performance compared to the existing GPS signals. One afnji®vements is
the introduction of théinary offset carrier (BOC) modulation. BOC
modulations offer two independent design parameters

e Subcarrier frequencys in MHz, and

e Spreading code rat& in Mchip/s.

These two parameters provide freedoncomcentrate signal power within
specific parts of the allocated bamal reduce interference with the reception of
other signals.

Lecture at SU May 27, 2009



Furthermore, the redundancy in the upper and lower sidetaindOC
modulations offers practical advantages in receiver msiog for signal
acquisition, code tracking, carrier tracking, and data al@uhation.

Most Galileo signals come in pairs: a data signal and a datadignal. They are
aligned in phase and consequently have the same Doppleeiieg

A BOC(m, n) signal is created by modulating a sine wave carrier with tiogljct

of a PRN spreading code and a square wave subcarrier havingpeacy+1

values. The parametar stands for the ratio between the subcarrier frequencyjand
the reference frequenchy = 1.023 MHz, andh stands for the ratio between the
code rate andp. Thus, BOG10, 5) means a 1@3 MHz subcarrier frequency anp

a 5115 MHz code rate.

The aim of the subcarrier modulation is to split the clad€¢3SK spectrum in

two symmetrical components with no remaining power on thiaexafrequency.
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The product is a symmetric split spectrum with two main loslefted from the
carrier frequency by the amount equal to the subcarrieufaqy, confer a
subsequent figure. We concentrate on B@(h) = BOC(1, 1) as this is likely to
be used by the E1 signal transmitted by Galileo.

The ACF of BOC signals has a profile with more peaks that may lokech For
BOC signals it is important to make sure the channel is tracte main peak of
the correlation pattern. So additional correlators areladdéor measuring the

correlation profile at half a subcarrier phase from prompitetator at either side.
If one of the output values of these so-calleaty early and very late correlators
IS higher than the punctual correlation, the channel ikirgca side peak and
corrective action is taken.
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\ BPSK Modulation of L1 Carrier Wave as In GHS
- -
| I

CeD

Carrier

Final
Signal
The effect of BPSK modulation of the L1 carrier wave with thACode and the navigation data for ong

satellite. The data are modulo-2 added to the C/A code, thdtemt bit-train is used to modulate the L
carrier. The plot contains the first 25 chips of the Gold cadd”RN 1.
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‘ Principle of BOC Modulation of Galileo Signf
Ip fength

-

Spreading Code

kéubcgrrier
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BOC Signal
No Carrier

)\g@rrier
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Final
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Spreading code, subcarrier, carrier, and signal as restlied3OC modulation principle. This figure
does not show the navigation data.
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Examples of Time-domain Waveforms for BOfg( fo, fc/fg) Modulated Signal

BOC(1,1), e.q.

BOC(15,10), e.q.
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‘ ACF for BOC(pn, n) Signal.

According to Nunes et al. (2004), the ACF for BOQ&{ n)with p=1, 2, ...

andk = ceiI(ZPrL”) is given as

(~D)* (K2 + 2kp+ k — p) — (4p — 2k + 1)%), for 7| < Tq,

0, otherwise.

(7)

r(r) =

This ACF is plotted in the figure on the next slide. fpe 1 this is

(—DMHL(—k2 4+ 3k —1— (5- 2 ), for |z < Te,

0, otherwise

r(t) = |
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Correlation

Delay [chip]

ACF for the BOQpn, n) signal as function of delay and p.
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‘ ACF for BOC(n, n) for Varying Bandwidthb '

According to Winkel (2000), the ACF for the BQ®, n) signal with bandwidttp
IS given as

n—1
reoc(t) = Y (n—IKD(2reL(t/Tc —2k) —rpL(r/Tc — 2k — 1)
k=—n+1 — I'BL (‘L'/TC — 2k + 1)), (8)

where

reL(t) = 2(t + D)Si(2rb(t + 1)) + cos(an(t +1))
+ 2(t — 1)Si(27b(t - 1)) 5= Cog(2b(t — 1))
cos(ant) (9)
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and the sine integral is defined as

X
Si(X) =/ Siny) dy.
0 y

If we plot the functiorrgpc(n, n), we get the result shown in the next figure fo
n=1 2 4.

For limited bandwidth the peak value is less than one; thisats the fact that no
all power is available in the signal. Part of the power is kémtby the
bandlimiting. Forb = 1 the bandlimiting results in a slight rounding off at the
edges of the ACF. Fdr = 0.5 the frequencies lower than twice the square wave
frequency are stopped by the filter. This results in osaolke outside the chip
length region. This could lead to undesirable side-lobect$fin case of
multipath.
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‘ ACF for Bandlimited BOC(1,1) Signi
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The normalized bandlimit is = 0.5, 1, andoo. The function forb = oo is identical to BOC(1,1).
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The BOC ACF profile results in a DLL discriminator curve that isiemore
complicated than that of GPS. The figure in the next slide shtoe ideal
band-unlimited correlation function for both a C/A code siband a BOC(1,1)

signal. Shown are as well early minus late discriminatovesifor a chip spacing
of 0.5 chip.
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‘ ACF and Discriminators for C/A and BOC(l,I)
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Autocorrelation function (ACF) and early minus late disznator curves. The left panel illustrates the
situation for the C/A code, and the right panel illustrates BOC(1,1) situation
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We observe various facts. Both discriminator curves ar@haeound the center
of the ACF. In both cases the linear region extends fre@25 to Q25 chip code
offset. The slope of the BOC discriminator in the linear regmthree times the
slope of the C/A discriminator. The C/A code discriminatorpuitis used to
adjust the code NCO to align the code phase better with thenmgpsignal; this
adjustment will succeed for tracking errors less thabthips. The C/A
discriminator is stable in the entire region where the amsirator curve is
non-zero and the DLL will converge. The BOC discriminator ktdble regions
next to the linear region as well, but tracking errors in tbheeoregions (absolute
errors less than.25 and greater than@R5 chip) will cause the DLL to diverge
and loose lock.
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‘ Power Spectral Densii

The power spectral density of the BOfg( fg, fc/fg) centered at the origin can b
written as

tan(g]?;)sm( )) 2 s

S(w) = fc< = n even (10)
C

(tan( )coq )), 2 fo

Tw

S(w) = fe 3 _n odd (11)

fc

Tw

The number of negative and positive peaksns-21 in the ACF separated in
delay byTs = 1/2p.
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‘ L1/E1 Spectrum Shared Between GPS and Ga"leo

10° ¢

— Galileo BOC(1,1)
GPS C/A

Frequency [MHZz]

GPS C/A and Galileo BOC(1,1) sharing the L1/E1 spectrum. déreer frequency i$57542MHz.
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Simulink Model for Generating E1 Sign
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The gray blocks generate the Galileo signal, and the whitekislare used to visualize the signal
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‘ Generated Spectrum for E1 Galileo Sig.al
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‘ Search Result in Doppler Frequency angequence for GIOVE-ﬂ
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The data in this figure are reproduced by courtesy of Staroidersity
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