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Abstract: Galileo is the European global navigation satellite systems, providing a highly accurate position service
under civilian control. It is inter-operable with Global Positioning systems (GPS) and Global Navigation Satellite
Systems (GLONASS), the two other global satellite navigation systems. The design of the Galileo receiver depends
on stimulation of Galileo signals. It is preferred to use stimulated signals than real signals to control the properties
of Galileo receiver. Three independent satellite signals ES, E6 and E1 are transmitted by Galileo satellites. Elsignals
supports Open Service and hence, importance is given to generate these E1 signals using Simulink. Generation of E1
signals is necessary for the purpose of Acquisition and Tracking.
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1. INTRODUCTION

Galileo navigation systems consists of 30 satellites (27 operational + 3 spares), positioned in three circular
Medium Earth Orbits (MEQO) at an nominal average of about 29,601.297 km and at an inclination of about
56 degrees with respect to equatorial plane . The main aim of Galileo navigation systems is to provide a high
precision positioning and improved provision for search and rescue services!'. One of the biggest advantages
of Galileo is that any satellite failures can be notified to the users within seconds, making the systems a reliable
one. The services offered by Galileo navigation systems are Open Service (OS), Galileo Safety of Life (SoL),
Commercial Service (CS), Public Related Service (PRS), Support to Search and Rescue Service (SAR). The
European navigation satellite system Galileo is moving ahead. The open service signal L1 OS transmitted from
the satellites is described!?!. Compared to GPS some new features are introduced: Binary offset carrier modulation,
coherent adaptive sub-carrier modulation, pilot signals, and tiered codes. These features make the GPS and
Galileo signals live together on the same frequencies, and they make Galileo signals in general more robust.
The irony of BOC modulation is that it comes with two different variants Sine BOC modulation and Cosine
BOC modulation. Plaims to specify the differences between these two variants of BOC modulation by analyzing
them over their spectral characteristics for different orders of BOC modulated signals which are traditionally
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used in the Civil Navigation and are still in use in many navigation systems. All the BOC variants taken are
the actual ones used in navigation systems. Techniques for enhancing GNSS signal acquisition and tracking
sensitivity and increasing the robustness and availability of position fixes are described in!*l. Specifically, a
technique called Staggered Coherent Integration is proposed which enables up to 1 dB improvement in sensitivity
compared to conventional techniques. Also discussed are challenges in tracking the weak signals seen in indoor
conditions and techniques to improve sustained tracking under these conditions. Closed form expressions
for GNSS-R waveform simulation using the composite GPS L1 and L5 and Galileo E1, ES, and E6 signals
as function of the receiver bandwidth is given in®\. Simulation of E1 and E6 signal using Simulink is shown
in!®.

Composite Binary Offset Carrier (CBOC) modulation has been selected for the future Galileo signals to be
used in mass-market applications. CBOC signals can be processed with a sine BOC (1,1) receiver, with lower
bandwidth and sampling frequency needs. 171 Analyzes how much deterioration (if any) in terms of tracking
accuracy (i.e., code tracking error variance and robustness to multipath) occurs when we process a CBOC signal
with a reference sine BOC (1, 1) receiver (instead of processing it with a CBOC receiver). Software - Defined
GPS and Galileo Receiver is provided in!®. Galileo E5 and E6 signals are used for Commercial Service and
Public Related Service whereas Galileo E1 signals used for Open Service and Safety of Life service and so, care
is given to generate these E1 signals using Simulink.

2. CHARACTERISTICS OF E1 SIGNALS

In this paper, El signals are generated using Simulink. E1 signals is an open access signals El signals has
unencrypted navigation data and ranging codes accessible to all users and also contains unencrypted integrity
messages and encrypted commercial data. The Galileo E1-signal comprises of signal components E1-B and E1-C
which is transmitted in the frequency band 1559 - 1610 MHz allocated to Radio Navigation Satellite Service
(RNSS) on a worldwide co-primary basis (ITU-R Radio Regulations). The signal components E1-B and E1-C
are data channel and pilot channel respectively. Data channel is the result of modulating ranging codes, sub
carrier and secondary code along with a navigation data stream. A pilot channel is made of ranging code, sub
carrier and secondary code only, but not modulated by a navigation data stream. The attributes of E1 signals are
given in Table 1. Within 4ms period the signal to noise ratio (SNR) prevents the downloading of data for signals
weaker than 25dB/Hz. The 4ms repetition rate is ideal because there is one symbol per code epoch. E1 signals
are transmitted in right hand circular polarization with different ranging codes per signal component, per signal,
per frequency and per Galileo satellites.

Table 1: Galileo E1 signal characteristics

Signal Attributes [E1-B] [E1-C]
Carrier Frequency 1575.42 MHz
Bandwidth 24.552 MHz
Sub Carrier Frequency 1.024 MHz

6.138 MHz

Primary code length 4092 chips
Secondary PRN code length N/A 25 Chips
Code period 4 ms 100 ms
Symbol rate 250 sps N/A

Modulation Binary Offset Carrier (BOC)
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3. E1SIGNAL GENERATION

A. Block Diagram for Generating E1 Signals

The block diagram of E1 signal generation is shown in Figure 1. The E1 signal is simply the product of carrier,
spreading code, BOC and Data Components. Navigation data (i.e) data components are applicable only for E1-B.

Ranging Codes of
E1-B

Data components of

E1 Signal

Sub-Carrier

Ranging Codes of
E1-C

Sub-Carrier

Figure 1: Block diagram of E1 signal generation

1
2 - clear all;

al= close all;

1- e(1,:)=hexToBinaryVector ('B339340CA1C817D81EF4FAR4E95BF3504A7709089FB48560E9E3EF802180E85EB2194E05902C6C4C52021FEBTECE4FD416BCEBCEE39DE4A4BSEES4S
5 - e (2, :)=hexToBinaryVector (' A64F94BB47BD4033CT6D492430590TEC1F618B43CT535F3CFCO93ESAFSDDD5C4339F3BB6D835B5C2C2053CD3D5693368D4E1ATCACS9425D1FDI680)
3
7
e

= e (3, :)=hexToBinaryVector (' FD1F6976002C39C87T187C44E3D224ED4DF0BGT750105944C651A5E57798F168A136AC0FB5979C4E84TAB2B20A2E6C45DB42EF2B930480D3257BCCC
= e(4,:)=hexToBinaryVector ('EE38BAF6F6170480150985210A0534E4702F93190C392E74986985572B87AC4D7120E2BECDE618CD3T6C4C1B4965FTDONT3400824E88ASCTESBEER
- e (5, :)=hexToBinaryVector (' CD37DOFB0043D03444A939E93676B9DAFSF2D19A2615E3D9TD624E62ACACE09E099FDESASA2F4B3ACF20FT5B680TASASF157C2C0F479158F4A10FB
E e (6, :)=hexToBinaryVector (' CARD2DD19DB9CT21EB35ABTD64BEA387796427242698A47D832C3F1AD4DDA0B5926FFCES319EEEDALS65ECB0FALEEDB424414120AREECFDOBEEEDS
10 - e(7,:)=hexToBinaryVector (' FB227530F82BD527E648619E532D7646A5ABBD15DBI1A6E7033DFECCCE5D09SA3DE3ARTTEDD2F3FECS 2659CB3AD1BEB009DTAICIBFB544291ECICE

11 - e(8, exToBinaryVector (' 9ESDA1EA19514CCCE49E9697AE4BDIB317EB34927D0461A96ATAF4ASDEC13107FFEODE38CSEECETC5682827F5TDI4ED2ET7D36F9F1CBOSE4C2C62B
12 - e(9,:)=hexToBinaryVector (' 8589F8396F5B1C54CAF2B17D4C152CEF347EG6ECTI03CE78F2823D4ADBIETCCFAFEBB9265TEEB4AE1BECA339A02TCEBEF997957532FA8T1F356E03
330 e(10, :)=hexToBinaryVector ('ASE1TA4CAD2ABET6E32D18501899F8D60D2938B1AC3ADBE4F81148AF56741790F87FEB7A2DOAGET645EAS0875514C394508884CBFOE320824D41D
14 - e(11, exToBinaryVector (' 9D7B1CF0029261D65AE1F021DAFAS1CF1673C9E0B47FF2C3TDIB1AF46ETA91BCSES29CEFI3EESBCT4E02B2743RAB1EDEL6A652385B8A591C617C1
15 = e(12, :)=hexToBinaryVector ('F23088E3EAROAEBA04D0633AAFEES5203E8B1829223FA6B730F6DEEGT99B521F2E8323B8793D0FTF2BB930583EF4F5B4F1CBE22836E4D92C8E4928
16 — e (13, :)=hexToBinaryVector ( 'EB0TFSEDF03596ADC2A3E7EBGDB1CFCI11E9A4C42336A57309F7B6C3389282E557D94BCCT1827DTC5737B1C530D2A08TE3F507242 F3DASBD1BECA
270 e(14, exToBinaryVector ('E9D537A82 1DEDES268441BR4252755779854DET6F82747FE60788952DF990F268C039CCTI288381CT6C297DE1CE6COCFITDASEA2CT111081674172
e - e (15, : )=hexToBinaryVector ('D78D316241BBES2B61BE2210A02543F75A47032E9C0CC128524A675E94DEF7OA69B6242B0CSCFFSCIACO2D2085299BDBAEA6TA41CT24CA36B6275
19 — e (16, :)=hexToBinaryVector (' FEE2DACTL D482951555C657B3E3C5DBTIESA43500FTAZC8B30C854DBE611FACI08TFADSD439AC4635D39211E234682A91248DEESD4FE6TAQ
20 - e (17, :)=hexToBinaryVector ('94741D7F0SBOCAS0908EEBC14801A28E353551F0176945181482FAD0043D5CT72331246DIAC3344F0FA2E28FDO0OESEB38F5E0452F46CA111ES2D0L
21 - e (18, :}=hexToBinaryVector ('&835A01464B473A64A3DIEA24EB363EARASI0F4BD0E4492FEC4E3D4DB5EE3E4E8T3BBALT595FF48134893F16F5C4A43659C46484RA268C3303B2DC34
22 — e (19, :)=hexToBinaryVector ('BDAZB72F0BB0265263F198207FB061DA2 9DE43E30847TETCO62A581ATEB53491EA51B51EDD36F991D15AF89AB53198537988350FDSFDFSED030198
= e (20, :)=hexToBinaryVector ('D240216C5C4AT0742CAR03AE910ES859C92ESA00A352CE8B4584TBACTT93E1FT75720D44910E896AD4581E1FDE3986FF235C9834BEECARIS567948
24 — e (21, :}=hexToBinaryVector ('8E7752C52805DD0AT23D61F0BBE0122DF576A42B5AFDF9F196AT66C9B3BFE296DC16AE92FAECEEDDE256D2B1AE6BFES437D4A2691803043B59862
Z5|= e(22, :)=hexToBinaryVector ('E682E9D8E92A7837823C9587714D267F9CE290E9FAGCCORB432D3F 7507 DAFGCFG81246RA4C2323C6B53BCCEE53B31F49742EESF4E6FT9DC36727ES
26 — e (23, :)=hexToBinaryVector ('FE8D4204243CBA14DAR15A256FBCD138B5D8TSE28BCCOBA36855E648434CD04F49935C30074DD5BA2EBE2AB14E82C30991A1159E990D1D36DAFTY
27 - e(24, exToBinaryVector ('A39366308475F2D8D0C2D451C4A65A01EESBAOAF19B791D97382EC59A52616C7480B86EB1D0AS3ES3224B0DFT3DELIDTEE6DS1088F3B20B7937E6CO
28 — & (25, :)=nexToBinaryVector ('92De7BF3F54B0445C05E508E80F9CEBCO502F0897D717CA232004362F394A023BFBFE3322C1D331AFCE454FCT56FB48768693FD5C46DDB40DCEBELS
29 — e (26, :)=hexToBinaryVector ('BAA2T16F115D72D2037841EF9138D19833CTCSFF40F058R960826E690315577710EFE64BE37691564B3B0B6C577DA603CC3ACDFEL785541ARD239
30 - e(27, exToBinaryVector ('38CDFCBADOS56240E180F347C00912F2D9ABEECF5464D410BE6A50404E830F744D78F7DI7180404FB3BCCC2288B79916810B2562C4D509200CELFAC
31 - e (28, :)=hexToBinaryVector ('906F6C5A1D3BD03A03802EEF5937E214E87BSE2F0182BA2C258F44B516EC66EACEBTOSEOGEAGDFDB5660068463A421DB03A51460091DTFESSSEGDA
32 - e(29, :)=hexToBinaryVector ('CEDS046A5000ECDB54C8T2F2DC494F2DEBE8430007CIBEBEC39FFB148F00F7861D8277589AC839AAD30AFTDTAZEOF9EES21TAS9C521311E9BD5 92
= e(30, exToBinaryVector (' FDCF36E6CE842D2ARCCEIDETS3D0DTATERT4992EACEEF6C6 18 ACTDED4E45TE1ATOSBE2CE2B28A9563F4R0538FFTDB14 6581684 TAI00DF4 9R4F3FASED
34 — &(31. :)=nexToBinarvvector (*94364FCIFE6353FE3B80283C4250E6E19F195DFEBD2104FCO959E084308BCICFDCEESEDIC4B4EB4ECAEBSFDESF215FBEDESAGCDAD1C1466EGERAC ¥
< >

Figure 2: Conversion of memory codes from hexadecimal to binary form
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Figure 3: Simulink model for generating ranging codes for E1-B

B. Ranging Codes for E1-B

Ranging codes are used to generate Code division Multiple Access codification for all Galileo signals. Each
signal will be assigned to one ranging code with different parameters which depends on their length, chip rate and
symbol rate. Ranging codes can be implemented either by ‘memory codes’ or ‘register based codes’. Memory
Codes are also called ‘ pseudo noise sequences ‘ which are pre-defined codes. These codes are constructed to have
very good characteristics on correlation. There are about fifty memory codes in hexadecimal notations. These
memory codes are converted in to binary bits using Matlab language. A special function ‘hexToBinaryVector’
is used to convert these hexadecimal notations in to binary form. Conversion of single memory codes from
hexadecimal to binary results in generation of 4092 chips. The converted memory codes are stored in ‘look-up’
table. ‘For loop’ is used since fifty codes are needed to be processed. ‘Unit delay’ is been implemented in order
to avoid unwanted noise in the output. Generated ranging codes are visualized using ‘scope’. The generated
ranging codes of E1-B is shown in Figure 4.

Figure 4: Generated Ranging codes of E1-B

I International Journal of Control Theory and Applications _
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C. Data Components for E1-B

The random values are generated by using “randn” function which is used to generated normally distributed
Pseudo random (PN) numbers. ‘Sign’ conversion block generates output 1 for positive input and output 1 for
negative input. Then the bits are converted in to frame using ‘frame conversion’ block. The converted bits must
be over sampled for 368280 times using ° Repeat ‘block. Transpose block is introduced to transpose an input
vector signals. The generated output is displayed in * Time vs Amplitude’. The Simulink model of E1-B is shown
in Figure 5 and the generated data component is shown in Figure 6.

— To - Repeat . T I_l
"1 "] Frame v 368280x r u »
Random Sign 3 Scope
Number Frame Conversion Repeat Transpose

Figure S: Simulink model for generating data components for E1-B

Figure 6: Generated Data components

D. Ranging Codes for E1-C

For E1-C, ranging codes has both primary codes and secondary codes. Both these codes are in hexadecimal
notations. Primary codes have 4092 chips with the duration of 4ms and secondary codes have 25 chips with the
duration of 100 ms. Thus, generating ranging codes of E1-C is as similar to the code generation of E1-B. Fifty
memory codes along with one secondary code are converted in binary using ‘hexToBinaryVector’ as shown
in Figure 2. Converted codes are assigned to a variable and stored in ‘.mat’ format. Thus ranging codes are
generated by providing assigned variable as table contents in ‘look-up’ table. Thus ranging codes of E1-C is
visualized as in Figure 7.

E. Sub Carrier Modulation

A sub-carrier is a sideband of radio carrier wave which is modulated to send additional information. BOC
modulation is used to modulate Sub-carrier. BOC Modulation is used to add additional signals that have the
same carrier frequency in to the radio frequency band without interfering with other signals. BOC Modulation
is identified as BOC(m, n). The two independent parameters m and » are used to concentrate the signal power
in to specific parts of the system to reduce interference with other signals. The parameter m stands for the ratio
of the sub-carrier frequency ( f,) and reference frequency ( f, = 1.023 MHz), n stands for ratio of the code rate
(f,) and reference frequency. Thus m and » are identified as:

_ International Journal of Control Theory and Applications I
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Figure 7: Generated Ranging Codes of E1-C

L L

fo o

(1)

The Galileo El signals has two sub-carrier frequencies which is 1.023 MHz and 6.138 MHz. Thus,
BOC(1, 1) has sub-carrier frequency of 1.023 MHz and chipping rate of 1.023 Mcps, and BOC(6, 1) has sub-

carrier frequency of 6.138 MHz and chipping rate of 1.023 Mcps.
BOC(1, 1) and BOC(6, 1) is given as
BOC sin(1, 1) =sin(2 X pi X f,, X t),
BOC sin(6, 1) = sin(2 X pi X f;, X t),
where, £, = 1.023 x 10° and £, = 6 x 1.023 x 10°,
The sub carrier parameter is defined as sc, and sc, which is given as
sc, =sign(BOC sin(1, 1)),
sc, = sign(BOC sin(6, 1)),
The sub carrier channel for E1-B and E1-C component is defined as
scB = (alfa x sc,) + (beta X s¢;),

scC = (alfa x sc,) — (beta X s¢}),

where, alfa = ,/E and beta = ,fi
11 11

2)
3)

“4)

)

(6)
(7

I International Journal of Control Theory and Applications _
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From the equation (6) and (7), scB and scC are implemented in Simulink and shown in Figure 8. The
Simulink model of the subcarrier components of E1-C is shown in Figure 9 and the generated BOC subcarrier
scB and scC is shown in Figure 10 and Figure 11.

alpha |_>
alpha
X
sca r..
+
Product 1
sc_a o
. Scope
sch |_’
Add
sc_b «
beta |_>
Product 2
beta
Figure 8: Simulink model for Sub Carrier of Component E1-B
alpha >
alpha x
sca ol
Product
SC_a [ I
Scope
scb L.,
sc_b Subtract
X
beta I_P
Product 1
beta

Figure 9: Simulink model for Sub Carrier of component E1-C
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Figure 10: Generated output of Sub-Carrier (scB)

Figure 11: Generated output of Sub-Carrier (scC)

F. Galileo E1 Signal

Ranging codes of E1-B, Data components of E1-B, Sub-carrier modulation and ranging codes of E1-C are
processed to generate E1 signals. These locally generated signals are used for the purpose of acquisition and
tracking. Ranging codes of E1-B, data components of E1-B are multiplied. The resulting output is been multiplied
with Sub Carrier component of E1-B. On the other side, Ranging codes of E1-C and the Sub Carrier of component
E1-C are multiplied. These two outputs are subtracted and then multiplied with the constant value of about
0.7071. The resulting output would be E1 signals. The minimum bandwidth is generally twice the chipping rate
for simple codes, while for BOC codes it’s twice the sum of chipping rate and code rate. Thus the minimum
practical bandwidth is 8MHz. Higher chipping rate provide more accuracy. E1 signal is expected to guarantee
a horizontal accuracy better than 50 cm/s and a timing accuracy better than 100ns. BOC modulation splits the
spectrum in to two main lobes centered at sub carrier frequency around the carrier frequency. Center peaks are
located at £1.023 MHz and the side peaks are located on £6.138 MHz. The simulink model for the generation
of E1 signal is shown in Figure 12 and the generated Galileo E1 signal is shown in Figure 13.

I International Journal of Control Theory and Applications _
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Figure 12: Simulink model for generation of E1 signals
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Figure 13: Generated Galileo E1 Signals

4. CONCLUSION
In this paper,
e  Ranging code of both E1-B and E1-C are generated by means of memory codes.
e  The data components are generated by normally distrubuted Pseudo random (PN) numbers .

e BOC modulation is the result of multiplexing narrowband signals BOC (1, 1) with wide band signals
BOC (6, 1).

These process are combined together in order to generate E1 signals for Galileo Navigation systems. The
whole process is carried out with the help of Simulink.

_ International Journal of Control Theory and Applications I
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