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Abstract—This paper studies complementary signal 
structures to the SBAS L5 SIS ICD definition which increases its 
original bit rate without degrading or even improving the SBAS 
L5 SIS ICD signal key performances. The proposition of this 
paper is based on modifying only certain characteristics of the 
current SBAS L5 SIS ICD signal structure and on keeping the 
signal characteristics which allow a perfect compatibility with 
SBAS L5 SIS ICD message content: symbol rate, bit information 
rate (250 bps), basic information units of 250 bits and capability 
of interrupting the nominal message at each second in order to 
transmit alarm messages.  

The main signal design modifications are first the 
introduction of linear block channel codes, instead of a 
convolutional code, in order to reduce header and CRC bits and 
in order to decrease the signal demodulation threshold. Second, 
new signal components, such as the synchronization component 
or a second data component, are introduced allowing an easier 
synchronization and increasing the effective bit rate. Smart 
combinations of the two data components are suggested to not 
degrade the final demodulation threshold. Finally, the selective 
introduction of a Code Shift Keying (CSK) modulation is also 
proposed to further increase the bit rate. 

Demodulation, carrier phase tracking and secondary PRN 
code acquisition performances are explained and analyzed for the 
complementary proposed signal structures.   

Keywords—SBAS; bit rate; carrier phase tracking; CSK; cycle 
slip rate; data component; demodulation performance; linear block 
channel codes;  signal structure, synchronization; WER 

I.  INTRODUCTION 
The SBAS L1 signal was designed in the late 90s in order 

to provide ranging plus integrity and correction data from Geo-
stationary satellites for civil aviation applications to the only 
available core GNSS constellation and signal at that time, GPS 
L1 C/A. The SBAS L1 signal design was specifically 
optimized for a well determined set of system characteristics of 
that epoch: GPS constellation number of satellites, satellites 
atomic clock offset and drift characteristics at that epoch, GPS 
L1 C/A signal selectivity availability (SA), targeted approach 

procedures with vertical guidance (APV I), etc [1][2]. 
Therefore, the signal characteristics such as message content, 
implemented channel code, number of channel components, 
useful bit rate, etc., were selected accordingly to the fulfillment 
of these needs [1][2]. 

Nowadays, the majority of these system characteristics/ 
targets have changed or evolved: SA has been disabled, new 
atomic clocks are much more stable than the old ones, and 
approaches with vertical guidance with a decision height down 
to 200 ft (LPV 200) are targeted. Moreover, a new GNSS 
signal in the L5 band, GPS L5, has been designed specifically 
for civil aviation requirements. Finally, more core GNSS 
constellations (with its own civil aviation oriented signals such 
as GALILEO E5) are being and will be deployed in the 
upcoming years.  

Therefore, the design of a new SBAS signal, called L5, 
which includes the future multi-constellation horizon, the 
advantages provided by the new L5 civil oriented signals 
exploitation and which takes into account all the system 
characteristics/targets evolutions is mandatory. 

Current proposals for the SBAS L5 signal under 
elaboration at Interoperability Working Group (IWG) are 
focused on designing a new L5 GEO signal by changing only 
the message structure and content from L1 GEO signal in order 
to have a SBAS signal generation transition as smooth as 
possible [3][4][5]. SBAS Interoperability Working Group 
(IWG) is the forum for SBAS service providers to assure 
common understanding and implementation of the ICAO 
SARPs. It allows coordinated development of interchangeable 
avionics technology designed to easily transition from one 
SBAS region to another. 

The current IWG SBAS L5 SIS ICD definition, in addition 
to correcting weak points of the original SBAS L1 signal (poor 
quantization for the new stable atomic clocks and precise 
orbits, corrections spread on too many messages), have as main 
objective to free signal bandwidth in order to be able to 
accommodate up to 4 different core GNSS constellations 
around 90 satellites. 



However, the amount of signal bandwidth which can be 
freed is limited by the original signal design and thus the SBAS 
system improvement remains de facto limited. Therefore, 
although ongoing work of optimization of SBAS L5 ICD at 
IWG is expected to cover the needs of EGNOS V3 missions 
(incl. LPV200 and Cat I autoland) [6], the operation targets 
could become more ambitious and new services could also be 
aimed at (e.g. non-aero) if a larger bandwidth was available. 

The aim of this paper is thus to study a complementary 
SBAS L5 signal structure proposal which provides enough 
bandwidth to accommodate up to 4 constellations (with about 
the same demodulation performance as for SBAS L1) and 
which even saves signal bandwidth for the transmission of 
enhanced aviation positioning services and other non-aviation 
applications (such as railway or maritime). It is important to 
remark that this study has to be seen as a possible 
evolution/complement (modification of the current signal 
design) of the current SBAS L5 SIS ICD definition (which 
only modifies the message content and structure). 

In this article, first the motivations of the work are 
presented and second, the requirements derived from these 
motivations are defined. Third, the advanced signal structure 
techniques employed in this work to meet the requirements are 
described and fourth, their performances are presented. Sixth, 
the signal structure candidates are identified and their 
performances summarized. Finally, positioning services 
(airborne and non-airborne) are identified for each one of the 
candidates. 

II. MOTIVATION 
The motivation of this paper consists in presenting several 

candidates and ideas for a new SBAS L1/L5 signal design 
which pursue 3 main goals: 

1) Increase of the useful information bit rate (ܴௗ). The 
useful information bit rate or data rate, ܴௗ, is the number of 
data information bits transmitted per second, and ܴௗ can be 
derived from the bit information rate, ܴ௕, which is the number 
of information bits transmitted per second. In fact, the 
information bits of a message are equal to the addition of the 
data information bits, of the header bits (synchronization, 
message ID bits) and of the CRC bits; therefore, ܴௗ and ܴ௕ can 
be related as: ܴௗ ൌ ܴ௕ · ݏݐ݅ܤ ܽݐܽܦݏݐ݅ܤ ܽݐܽܦ ൅ ݎ݁݀ܽ݁ܪ ݏݐ݅ܤ ൅  (1) ݏݐ݅ܤ ܥܴܥ

In consequence, the increase of the data rate, ܴௗ, can be 
obtained by either increasing ܴ௕ and/or by decreasing the 
number of header and CRC bits with respect to the data bits. 

2) Compatibility with the current SBAS L5 SIS ICD 
signal under elaboration at IWG [3][4][5]. 

3) Preservation (or even improving if possible) of the 
SBAS L5 SIS ICD definition signal performance (mainly the 
demodulation performance). 

First, the increase of the data rate is the main goal being 
pursued in this work since a larger available ܴௗ could allow the 
SBAS system to target more ambitious operations, especially 
in the case where 4 constellations are simultaneously 

monitored. For instance, the broadcast of more parameters to 
users could allow to still enhance the aviation positioning 
services and to target CAT I autoland or even CAT II 
approaches with more performance margins: 

• Bias terms of residual errors after application of SBAS 
SV corrections (clock, clock rate, ephemerides) in 
addition to variances 

• More satellite DFREI parameters in MT6 [3] (further 
increase of the exclusion probability of side impacts on 
performance when 91 satellites are monitored)  

• Degradation parameters per individual SV or per block 
of SV instead of per constellation (different satellites 
can have different integrity degradation performances) 

• Information on SV signal distortions 

• Ionospheric corrections and alarms for L5-only in 
order to allow improved operational capability in 
environments where the L1 frequency is experiencing 
interferences 

Additionally, integrity information adapted to other user 
communities than aviation, such as the railway or the maritime 
communities could also be broadcasted, and other additional 
services could be targeted: 

• GNSS authentication parameters 

• Flexible integrity parameters for railway or maritime 
communities (non as stringent as for aero integrity risk, 
so that availability can be improved). 

• ARAIM parameters 

Second, the proposed signal structures should be 100% 
compatible with the current SBAS L5 SIS ICD signal under 
elaboration at IWG [3][4][5] (main characteristics presented in 
the next section). In fact, the definition of a new signal 
structure should be seen as a last (and optional) step of the 
SBAS L5 signal definition. First and foremost, the 
improvement of the navigation message with respect to SBAS 
L1 navigation message is carried out in order to correct weak 
points and to optimize the transmitted information. Second, the 
signal design could be modified in order to increase the data 
rate, ܴௗ, allowing the broadcasting of more data information. 
Moreover, following this procedure, the transition from the 
reception of the SBAS L1 signal only to the reception of both 
SBAS signals, L1 signal and analyzed L5 signal, will be 
smoother for the receiver manufacturers. 

The third and last goal consists in analyzing signal designs 
which preserve or even improve about the same performance 
as the current IWG SBAS L5 SIS ICD signal, specially the 
demodulation performance. Unfortunately, a significant ܴௗ 
increase implies a decrease of the signal performance which 
can be partially/totally mitigated with advanced signal structure 
techniques. Therefore, signal structures strongly degrading key 
IWG SBAS L5 SIS ICD signal performance are discarded. 

III. REQUIREMENTS 
In this section, the requirements imposed for the design of 

the SBAS L5 signal are described. The requirements are 
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accuracy and in order to guarantee the demodulation 
performance. The C/N0 required to obtain a cycle slip rate of 
10-5/s is about 30 dBHz for IWG SBAS L5 SIS ICD definition  
[9] (normal dynamics for a constant error of 2.7° [8], satellite 
oscillator phase noise of 5.7° [8], receiver oscillator phase 
noise defined in [9], one-sided carrier loop bandwidth of ܤ௅ ൌ ܶ and coherent integration time of ,ݖܪ10 ൌ   .(ݏ2݉

Demodulation: The SBAS message loss rate, WERT, 
should be less than 1 in 1e3 [7]. This value was derived from 
the probability of missed alarm requirement, ௠ܲௗ ൌ 10ି଼, 
since the number of consecutive broadcasted alarms and the 
WERT determine ௠ܲௗ  (or the other way around): 

௠ܲௗ ൌ 10ି଼ ൌ ሺ்ܹܴܧሻ௡ (2) 

• n is the number of consecutive alarms 

 Therefore, assuming that at least 3 consecutive alarms are 
broadcasted (currently this number has been increased to 4), 
the WERT should be at least equal to 10-3. 

Moreover, for a pure data component, the WERT depends 
on two factors: on the WER of the implemented channel code, ௪ܲ or WERC, and on the cycle slip rate per second, ௦ܲ௟௜௣, as 
previously said. The relationships between these two factors 
can be expressed as: ்ܹܴܧ ൌ 10ିଷ ൌ 1 െ ൫1 െ ௦ܲ௟௜௣൯௟ሺ1 െ ௪ܲሻ (3) 

• ݈ is the number of integer seconds the codeword spans. 

For the IWG SBAS L5 SIS ICD definition, the codewords 
span 1 second. Therefore, assuming a classical cycle slip rate 
of 10-5/s, the ௪ܲ has to be equal to 10-3. A ௪ܲ ൌ 10ିଷ is 
obtained for a ܥ/ ଴ܰ=29.5 dBHz (same carrier tracking errors 
as defined before) [9]. However, since this value ܥ/ ଴ܰ is 
lower than the value necessary to obtain a cycle slip rate of 10-

5/s, the demodulation performance threshold is set to 30 dBHz. 

Summary: The classic performance thresholds for the IWG 
SBAS L5 SIS ICD definition are defined in TABLE I.  

TABLE I.  CURRENT SBAS L5 SIGNAL PERFORMANCE THRESHOLDS 

Acquisition Tracking Demodulation

28.7 dBHz 30 dBHz 30 dBHz

C.2. Alternative SBAS signal performance requirements 
The requirements defined by the alternative SBAS L1 

legacy signal performance (SBAS signal only used for data 
transmission capabilities) and the reason for the study of this 
possible future option are given next. 

In the previous section, the ௦ܲ௟௜௣ traditional value for 
tracking capabilities was used to determine the value of the 
channel code WER, ௪ܲ. However, if SBAS signal is mainly 
used for data transmission capabilities, the code tracking 
accuracy imposition on the cycle slip rate could be relaxed [9].  

In fact, DO 229 MOPS does not specify that the SBAS 
signal should be used for positioning capabilities, just its 
design choice makes it possible for SBAS GEOs to operate as 
additional ranging sources [11]. Therefore, the code tracking 

accuracy could be slightly degraded without significant effects 
on the demodulation performance. Moreover, future GPS L5, 
L1C, GALILEO E1 OS, E5 and other GNSS signals 
(GLONASS and future BEIDOU) [12][13][14] will 
incorporate a pilot component which will provide finer 
synchronization with more accurate pseudo-range 
measurements. This fact altogether with the expected increase 
of in-view GNSS satellites (after the deployment of new GNSS 
constellations) could imply the discarding of the SBAS signal 
for positioning capabilities; unless a pilot component is 
implemented for SBAS. Therefore, the SBAS signal data 
component could only be used for demodulation capabilities. 

In this case, equation (3) can be used to find different 
relationships between ௪ܲ and ௖ܲ௬௖௟௘  which could lower the 
final demodulation performance threshold. For example, for 1 
second length codewords, ݈ ൌ 1, the probabilities values could 
be  ௪ܲ ൌ 5 · 10ିସ with ௦ܲ௟௜௣ ൌ 5 · 10ିସ slips/s or ௪ܲ ൌ 10ିହ 
with ௦ܲ௟௜௣ ൌ 10ିଷ slips/s. 

Note that equation (3) can only be used when the 
occurrence of a cycle slip only affects the decoding of the 
current received codeword. Therefore, the receiver needs a 
method which either detects the cycle slips or is not affected by 
them. In this article, the notion of differential encoding is 
introduced in order to reduce the impact of a cycle slip just on 
the codeword being received at the instant of the cycle slip 
occurrence (see section V.G). 

Finally, the alternative the IWG SBAS L5 SIS ICD signal 
performance thresholds are defined in TABLE II.  

TABLE II.     ALTERNATIVE SBAS L5 SIGNAL PERFORMANCE 
THRESHOLDS 

Acquisition Demodulation

28.7 dBHz Lower C/N0 value between ௪ܲ and ௖ܲ௬௖௟௘
IV. ADVANCED SIGNAL STRCTURES TECHNIQUES 

In this section, the advanced signal structures techniques 
proposed to increase the SBAS L5 signal data rate while 
keeping 100% compatibility with IWG SBAS L5 SIS ICD 
definition and their performances are presented. 

The advanced signal structure techniques proposed in this 
article are: CSK modulation, linear block channel codes 
(LBCC), 1-second length signal blocks, pilot component, 
synchronization component and 2nd data component. A detailed 
definition of each one is presented in the following sections. 

Finally, one section is provided describing the backward 
compatibility with the current dispreading PRN codes signal 
structure since the CSK modulation could modify this 
structure.  

A. Code Shift Keying (CSK) Modulation 

The CSK modulation has as main objective to increase the 
bit rate of a Direct Sequence Spread Spectrum signal. In this 
article, the CSK modulation is used to increase the 2nd data 
component bit rate and to broadcast information on the 
synchronization component. For a better explanation of a CSK 
modulation in a GNSS context, the reader is referred to [15]. 
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D. Syncrhonization Component 
The synchronization component is an 

component which has to be broadcasted
component. The total signal power must
between at least these two components. Th
component has 1 main function and 2 optiona

1) (Main function): Determination o
transmitted 1-second length signa
message, LBCC block and dynamic B

2) (Optional): Synchronization of the 
blocks of the received signal. 

3) (Optional): Determination of a reduce
of messages (less than the 6 bits field 
L5 SIS ICD definition).  

The synchronization block can have two d
depending on whether the first optional func
by the synchronization component or by a pil
section IV.E). These two structures are den
and complex and are commented next. 
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used in order to compare the new proposed signal structures 
with the IWG SBAS L5 SIS ICD signal structure performance.  

A. Primary PRN code acquisition 
The performance of the primary PRN code acquisition is 

not calculated in this article but just some comments are made 
using as basis [10]. The primary PRN code acquisition 
threshold is degraded when the signal power is split in several 
components and all of them are used (integration time limited 
to 2ms). However, if a pilot component is used, the degradation 
is fairly limited when the integration time is extended, for 
example to T=20ms. Therefore, the final primary PRN code 
acquisition is expected to be degraded but a larger non-
coherent integration time will mitigate this effect [10]. 
Obviously, if a pilot component with additional power is 
implemented, the primary PRN code acquisition threshold will 
be significantly improved. 

B. Carrier Phase estimation Error 
The carrier phase estimation is conducted over different 

signal components depending on the chosen signal structure 
candidate. The choice will follow the logic presented below: 

 Pilot component is available? 

 Yes: Use pilot component 

 No: 2 data components are available? 

• Yes: Use the 2 data components 

• No: Use the only data component 

The carrier phase estimation error, ߝఝ, can be modelled as 
the addition of two terms, a constant term, ߛ, representing the 
error introduced by the receiver dynamics and random variable 
term, ߮, representing the carrier tracking jitter of the 
implemented tracking loop. ߝఝ can thus be modeled as:  

ఝߝ   ൌ ߛ ൅ ߮  (4) ߮ is centered and follows a distribution given in [9] which 
is completely defined by its variance: 

ఝሺ߮ሻ݌   ൌ ଵଶగூబሺଵ/ఙകమ ሻ exp ൬ୡ୭ୱ ఝఙകమ ൰   (5) 

 ሻ is the nth order modified Bessel function of theݔ௡ሺܫ •
first kind of x. 

The carrier tracking jitter variance of the tracking loop, ߪఝଶ, 
can be expressed as [9]: ߪఝଶ ൌ ఝ,௡௢௜௦௘ଶߪ ൅ ఝ,௢௦௖ଶߪ  (6) 

ఝ,௡௢௜௦௘ଶߪ • : Contribution to the carrier tracking jitter 
variance due to thermal noise/interference. 

ఝ,௢௦௖ଶߪ • : Contribution to the carrier tracking jitter 
variance due to the oscillator phase noise (both from 
receiver and satellite). 

The expression of ߪఝ,௡௢௜௦௘ଶ  depends on the signal 
components where the carrier is tracked. For 1 data 
component (using a Costas Loop) [9]: 

ఝ,௡௢௜௦௘ଶߪ ൌ BLC/N଴ ൬1 ൅ 12C/N଴T൰ (7) 

 For two data components having the same power (using a 
Costas Loop): ߪఝ,௡௢௜௦௘ଶ ൌ BLC/N଴ ൬1 ൅ 1C/N଴T൰ (8) 

For the pilot component (using a Q discriminator) [20]: ߪఝ,௡௢௜௦௘ଶ ൌ BLC/N଴ (9) 

• BL is the one-sided carrier loop bandwidth 

• T is the coherent integration 

• C is the power of the signal component CN଴ ൌ CN଴ ் ൅ 10 ·  10ሺܴሻ (10)݃݋݈

• C/N0,T is the total signal C/N0 

• R is the percentage of power allocated to the 
component being tracked. 

The expression of ߪఝ,௢௦௖ଶ  can be calculated as [9]: 

ఝ,௢௦௖ଶߪ  ൌ ఝ,௦௔௧,௢௦௖ଶߪ ൅ ఝ,௥௫,௢௦௖ଶߪ ൅ ఝ,௥௫,௩௜௕ଶߪ  (11) 

ఝ,௦௔௧,௢௦௖ଶߪ • : Contribution to the carrier tracking jitter 
variance due to the satellite oscillator phase noise. 

ఝ,௥௫,௢௦௖ଶߪ • : Contribution to the carrier tracking jitter 
variance due to the receiver Allen deviation oscillator 
phase noise. 

ఝ,௥௫,௩௜௕ଶߪ • : Contribution to the carrier tracking jitter 
variance due to the receiver vibration-induced 
oscillator phase noise. 

The values of ߪఝ,௥௫,௢௦௖ଶ  and ߪఝ,௥௫,௩௜௕ଶ  do not depend on the 
tracked signal component, and their expressions and their 
numerical values used in this article are defined in [9]. The 
numerical value of ߪఝ,௦௔௧,௢௦௖  is defined by DO 235B [8] and is 
equal to 0.1 rad (5.7°) at ܤ௅=10 Hz. 

Finally, the constant phase tracking error, ߛ, due to the 
dynamics of the aircraft is equal to [21]: ߛ ൌ ߨ2 ܶଷܭଷ · ߣ݃ · ݆௠௔௫ ሺ݀ܽݎሻ (12) 

• ݆௠௔௫  is the maximum jerk (in g/s) experienced by the 
user receiver. In normal dynamics for an aircraft, ݆௠௔௫=0.25g/s. 

• ܶ is the coherent integration 

• g is the gravity acceleration 

 is the wavelength of the carrier signal frequency ߣ •

 ଷ is the coefficient given by [21] in their descriptionܭ •
of the discrete-update PLL 



Note that the constant error phase due to dynamics defined 
in equation (12) provides a different value than the value 
presented in section III.C.1 for the same jerk, ݆௠௔௫ . From now 
on, we will use equation (12) to calculate the constant error 
phase due to dynamics since the expression used in [8][9] are 
approximations valid for BLܶ ا 1. In fact, equation (12) 
depends on T whereas the expression used in [8][9] does not. 

C. Carrier Phase loss of lock 
The PLL loses its lock when the carrier phase estimation 

error, ߝఝ, is longer than the linear region of the used 
discriminator. The expression providing the loss of lock is [20]: 

  ௅കଶ ൒ ఝߪ3 ൅  (13) ߛ

ఝܮ .ఝ is the two-sided discriminator linear regionܮ • ൌ 180° for Q discriminator and ܮఝ ൌ 90 for 
Costas discriminator. 

D. Demodulation power loss due to the carrier phase 
estimation error 
The carrier phase estimation error, ߝఝ, implies a power loss 

of the used to demodulate the data components. The available 
C/N0 for the demodulation, C/N0,Du can be modeled as [8]: 

  ஼ேబ஽௨ ൒ ஼ேబ஽ · cosଶ൫ߝఝ൯   (14) 

• C/N0,D is the C/N0 available at the data component 

In this article, two cases of demodulation power loss which 
cover the worst case scenario and a normal case scenario are 
inspected (after evaluating the probability density function of 
equation (5)): 

• Normal scenario: ߝఝ ൌ ߛ ൅  ఝߪ

• Worst scenario: ߝఝ ൌ ߛ ൅  ఝߪ3

Therefore, the demodulation performance threshold will be 
presented taking into account a carrier phase estimation error 
equal to the value of the normal scenario and worst scenario. 

E. Cycle slip rate 
The probability of having a cycle slip in t seconds can be 

expressed as [9]: 

  ௦ܲ௟௜௣ሺݐሻ ൌ 1 െ ݁ି௧/ ത்    (15) 

Where തܶ is the mean time between cycle slips. The value 
of  തܶ depends on the implemented discriminator. For a Costas 
discriminator [9]: 

  തܶ ൌ గସ஻ಽఊ tanh ൬ గఊଶఙകమ൰ ቎ܫ଴ଶ ൬ ଵସఙകమ൰ ൅ 2 ∑ ሺെ1ሻ௡ ூ೙మቆ భర഑കమ ቇଵା൫ଶ௡ఙകమ /ఊ൯మஶ௡ୀଵ ቏  (16) 

For a Q discriminator [21]: 

  തܶ ൌ గଶ஻ಽఊ tanh ൬గఊఙകమ൰ ቎ܫ଴ଶ ൬ ଵఙകమ൰ ൅ 2 ∑ ሺെ1ሻ௡ ூ೙మቆ భ഑കమ ቇଵା൫௡ఙകమ /ఊ൯మஶ௡ୀଵ ቏  (17) 

F. BPSK demodulation threshold 
The BPSK demodulation threshold in this paper is 

calculated from the Eb/N0 necessary to obtain a given WERc 
and from the demodulation power loss. The expression is given 
below: 

  CNబ் ൌ ா್ேబ െ 10 · 10݃݋݈ ቀோ·ୡ୭ୱమ൫ఌക൯ଶହ଴ ቁ  (18) 

• ܴ is the power allocated to the data component. 

 The Eb/N0 for obtaining a WERc=10-3 for the different 
inspected channel codes is given in TABLE V. The values of 
the WERc=10-3 column has been extracted from [16]. The 
values of the WERc=10-5 column has been extrapolated from 
the WERc slope of similar codes and from the WERc=10-3 
column values. 

TABLE V.  CHANNEL CODES DEMODULATION PERFROMANCE PROPOSED 
FOR SBAS L5 SIGNAL 

Type of Channel Coding Eb/N0 necessary for 
WERc=10-3 

Eb/N0 necessary for 
WERc=10-3 

SBAS L5 (171, 133) CC 4.2 5.6

CCSDS-250 2.5 3.5

CCSDS-500 1.9 2.4

CCSDS-1250 1.45 1.9

G. BPSK demodulation threshold impacted by cycle slips  
In section III.C.2, we discussed about the impact of a cycle 

slip over the demodulation of a message. In that section, it was 
stated that the cycle slip only affects the message which is 
currently being received (some of the bits will be inversed) but 
not the following messages. However, we said that a method 
correcting the cycle slips should be implemented. 

In this article, we propose a kind of differential 
encoding/decoding method. For a LBCC, the receiver just 
executes: 

1) LBCC decoding + CRC-24Q verification. 

a. Verification succeeds: End 

b. Verification fails: Inverse the soft input polarity of 
the decoding block. Go to 2). 

2) LBCC decoding + CRC-24Q verification. 

a. Verification succeeds: Cycle slip detect + End 

b. Verification fails: Transmission Error 

The probability that the message issued by the LBCC 
decoding pass the verification is very low: at most equal to 
1.1921e-007. Therefore, the probability of having a cycle slip 
false alarm due to step 2a is very low. 

Finally, for the SBAS L5 CC, we take advantage of two 
facts. First, if from a sequence of information bits A, a 
sequence of coded bits B is generated, from the decoding of the 
polarity inverted sequence of code bits B, denoted as ܤത , the 
sequence of information bits being obtained, C, is exactly the 
same sequence of information bits A but with the polarity 



inverted, ܥҧ ൌ  verified by channel code construction and) ܣ
from simulations). Second, an error pattern modeling a change 
of polarity is a vector of ones, and this error vector is always 
detected by the CRC-24Q verification (verified from 
simulations). Therefore, the method for the legacy CC is: 

1) CC decoding + CRC-24Q verification. 

a. Verification succeeds: End 

b. Verification fails: Inverse the output bits polarity. 
Go to 2). 

2) CRC-24Q verification. 

a. Verification succeeds: Cycle slip detect + End 

b. Verification fails: Transmission Error 

H. CSK demodulation threshold for the data component  
The CSK demodulation thresholds for the data component 

are calculated equivalently as for the BPSK demodulation 
thresholds. The only difference is that equation (18) should 
take into account the number of BPSK symbols constituting a 
CSK symbol and the number of bits mapped by a CSK symbol: 

  CNబ் ൌ ா್ேబ െ 10݃݋10݈ ቀோ·ୡ୭ୱమ൫ఌക൯ଶହ଴ ቁ െ 10݃݋10݈ ቀே௎ቁ  (19) 

For practical purposes, the LBCC chosen to be 
implemented in a CSK modulation is the subframe 2 GPS L1C 
LDPC channel code. The reason is the lack of Eb/N0 
demodulation values for an implementation of the proposed 
CCSDS LBCC TurboCodes in a CSK modulation. Therefore, 
since the objective of this paper is to analyze new signal 
structure candidates open to discussion and optimizations, it 
was preferred to show real tested demodulation values. 

Two Eb/N0 values are shown in TABLE VI.  for a WERc = 
10-3 using classical CSK decoding and BICM-ID methods [15]. 
BICM-ID outperforms classical decoding but requires a more 
complex receiver. 

TABLE VI.  SUBFRAME 2 GPS L1C LDPC WITH CSK DEMODULATION 
PERFORMANCE (ܧ௕/ ଴ܰ NECESSARY TO OBTAIN WER=10-3)  

Classical CSK Decoding BICM-ID 

2.6 2.15 

Finally, note that subframe 2 GPS L1C LDPC has a length 
of 1200 coded bits. Therefore, when using the first and second 
dynamic CSK configurations, there are respectively 50 and 100 
coded bits which will not be used. Obviously, this loss of 
performance should be corrected on the final signal design by 
choosing different LBCCs. 

I.  CSK demodulation threshold for the synchronization 
component  
The CSK modulation implemented on the synchronization 

component does not contain any channel code. Therefore, its 
demodulation performance can be calculated directly from the 
hard demodulation expression of an orthogonal M-ary 
modulation. Moreover, the final demodulation performance 
must take into account the allocation of power and the number 

of BPSK symbols spanned by the CSK modulated part (see 
section IV.D.2). The demodulation performance expression is:  

  CNబ் ൌ ாೞேబ െ 10൫݃݋10݈ ஼ܶௌ௄ · ܴ · cosଶ൫ߝఝ൯൯  (20) 

/௦ܧ • ଴ܰ is the symbol energy to power density noise 
ratio necessary to obtain a given ௦ܲ (symbol error 
probability) of an orthogonal M-ary modulation. 

•  ஼ܶௌ௄  is the percentage of time, either 1 or 0.5, that the 
CSK modulated part occupies on the synchronization 
component. 

The expression of ܧ௦/ ଴ܰ as a function of the desired ௦ܲ for 
an orthogonal M-ary modulation is equal to [17]: 

௦ܲ ൌ 1 െ ௖ܲ   (21) 

௖ܲ ൌ ߨ2√1 න ቆ ߨ2√1 න ݁ିೣమమ ௬ݔ݀
ିஶ ቇெିଵ ݁ିభమ൬௬ିටమಶೞಿబ ൰మାஶ

ିஶ ݕ݀  (22) 

• M is the number of possible symbols ሺܯ ൌ 2௎ሻ, and U 
is the number of mapped bits. 

In this article, since the information carried by the 
synchronization component is very significant, we suggest a ௦ܲ ൌ 10ି଼ (same level as the probability of missed alarm). 

Finally, if we want to make the synchronization 
component CSK modulated part insensitive to the cycle slips 
(when the cycle slip has happened before the reception of the 
synchronization component part), we need just to adjust the 
CSK demodulation to choose the symbol with the largest 
absolute value. In this case, the ௦ܲ ൌ 1 െ ௖ܲ expression is: 

௖ܲ ൌ ߨ2√1 න ቌ ߨ2√1 න ݁ିೣమమ ௬ାටమಶೞಿబି൬௬ାටమಶೞಿబݔ݀ ൰ ቍெିଵ ݁ି೤మమାஶ
ିටమಶೞಿబ ݕ݀  (23) 

J. Secondary PRN code acquisition  
The acquisition performance of the secondary PRN code of 

either the pilot component or the synchronization component is 
inspected in this section. The acquisition performance 
presented in this article is the probability of not being able to 
synchronize the secondary PRN code after a complete sweep of 
the entire search range: one cell to inspect for each secondary 
PRN code chip. This probability is denoted as ଶܲ௔௖௤ . 

The main assumption made in this article is that once the 
primary PRN code has been acquired, the carrier tracking 
phase is conducted. Therefore, the acquisition of the secondary 
PRN code becomes equivalent to the demodulation of a bi-
orthogonal M-ary modulation (equation (23), since cycle slip 
event correction is not yet performed). For both, the complex 
synchronization component and the pure pilot component, the 
parameter M of equation (23) is equal to 500; the only 
difference between them is the parameter T described in 
equation (24). 

Moreover, K consecutive secondary PRN codes could be 
coherently accumulated (non-coherent accumulation is not 
inspected in this article). 



Therefore, the acquisition performance threshold of the 
secondary PRN code is given by: 

  CNబ் ൌ ாೞேబ െ 10݃݋10݈ ቀ்·ோ·ୡ୭ୱమ൫ఌക൯௄ ቁ   (24) 

/௦ܧ • ଴ܰ is the symbol energy to power density noise 
ratio necessary to obtain a given ଶܲ௔௖௤  (equation (23)). 

 is the number of consecutive accumulated secondary ܭ •
PRN codes. 

• ܶ is the percentage of time that the secondary PRN 
code occupies: 1 for a pilot component and 0.5 for the 
complex synchronization component. 

In this article, the probability of not being able to 
synchronize the secondary PRN code is set to ଶܲ௔௖௤ ൌ 10ିହ. 

VI. SIGNAL STRUCTURES CANDIDATES 
In this section, the signal structures candidates identified in 

this paper are presented and their performances are given. 

The identified signal structure candidates can be classified 
into three types depending on the number of data components 
being implemented and on the use of the IWG SBAS L5 SIS 
ICD signal structure. Additionally, the performances of the 
IWG SBAS L5 SIS ICD signal structure are presented as a 
benchmark for comparison with the other signal structure 
candidates. Therefore, there are 4 main types of signal structure 
candidates: 1 data component implementing the IWG SBAS 
L5 SIS ICD structure, 1 data component implementing new 
LBCCs, 2 data components with one of them implementing the 
IWG SBAS L5 SIS ICD structure and the other implementing 
new LBCCs, and 2 data components implementing new 
LBCCs. Moreover, for each type of signal structure candidate, 
3 options are considered depending on the interpretation of the 
cycle slip rate limitation (see section III.C.2): classic or 
alternative cycle slip performance and additional power for 
geo-ranging capabilities (the final signal has twice the total 
amount of power). TABLE VII.  summarizes the analyzed 
candidates and the notations given to each one of them. 
TABLE VIII. summarizes the signal structure candidates and 
the allocation of power given to each signal component. 

In this section, first the signal performances being 
compared are described and second, the candidates’ individual 
performances are provided. Moreover, the special 
characteristics of each type of candidate are explained. Finally, 
the increase of data rate obtained with the use of a dynamic 
CSK modulation on the 2nd data components is presented 

A. Analyzed signal performances 
Acquisition: Primary PRN code acquisition performance is 

not provided but the reader should expect an acceptable 
degradation as explained in section V.A. Non-coherent 
integrations should mitigate this degradation. 

Tracking: The C/N0 threshold required to obtain a ௦ܲ௟௜௣ ൌ10ିହ/ݏ is provided except for the alternative-cycle-slip-
performance candidates. Remember that for these candidates 
the geo-ranging capabilities are not provided. 

Demodulation:  The demodulation threshold of the 
identified candidates depends on their structure. This means 
that the demodulation threshold will be the highest C/N0 
among the following actions (if required by the candidate): 

• Secondary PRN code acquisition of the pilot or 
synchronization component, with ଶܲ௔௖௤ ൌ 10ିହ. 

• Synchronization component demodulation,  ௦ܲ ൌ 10ିହ 

• PLL loss of lock 

• Channel code WER: ௪ܲ ൌ ௖ܴܧܹ ൌ 10ିଷ for classical ௦ܲ௟௜௣ performance and additional power for geo-
ranging capabilities cases, and a variable ܹܴܧ௖ for 
alternative ௦ܲ௟௜௣ performance (equation (3)). 

• Cycle slip rate:  ௦ܲ௟௜௣ ൌ 10ିହ/ݏ for classical ௦ܲ௟௜௣ 
performance and additional power for geo-ranging 
capabilities cases, and a variable ௦ܲ௟௜௣ for alternative ௦ܲ௟௜௣ performance (equation (3)). 

Signal data rate, ܴௗ: Expected data rate increase with 
respect to IWG SBAS L5 SIS ICD signal is presented. 

Finally, the highest threshold between the tracking and 
demodulation performance will determine the system threshold 
and conclusions will be extracted from this threshold. 

TABLE VII.  SIGNAL STRUCTURES CANDIDATES NOTATION SUMMARY 

 
Classic cycle 

slip rate 
performance 

Alternative 
cycle slip 

performance 

Additional power 
for geo-ranging 

capabilities 
1 data 

component: 
legacy signal 

D1.1 
Power = 100% 

D1.2 
Power = 100% 

D1.3 
Power = 200% 

1 data 
component: 

LBCCs 

D2.1 
Power = 100% 

D2.2 
Power = 100% 

D2.3 
Power = 200% 

2 data 
components: 
legacy signal 
and LBCCs 

D3.1 
Power = 100% 

D3.2 
Power = 100% 

D3.3 
Power = 200% 

2 data 
components: 

LBCCs 

D4.1 
Power = 100% 

D4.2 
Power = 100% 

D4.3 
Power = 200% 

TABLE VIII.  SIGNAL STRUCTURES CANDIDATES STRUCTURE AND POWER 
SUMMARY 

Candidate 1st Data 2nd Data Pilot Simplified
Synchro 

Complex
Synchro 

D1.1 100% -- -- -- --

D1.2 100% -- -- -- --

D1.3 100% -- 100% -- --

D2.1 60% -- 30% 10% --

D2.2 85% -- -- -- 15%

D2.3 85% -- 100% 15% --

D4.1 35% 35% 20% 10% --

D3.1/D4.2 42.5% 42.5% -- -- 15%

D3.3/D4.3 45% 45% 100% 10% --



TABLE IX.  D1 CANDIDATES PERFORMANCE SUMMARY. WERC = 10-3 FOR 
BLUE CELLS AND WERC = 10-5 FOR GREEN CELLS. ௦ܲ௟௜௣ ൌ 10ିହ/ݏ FOR ORANGE 

CELLS AND ௦ܲ௟௜௣ ൌ 10ିଷ/ݏ FOR VILOET CELLS. 

Candidate 
Data component, WERc 

(૚࣐࣌/૜࣐࣌ሻ 
PLL loss 

lock 
Cycle slip rate, ࢖࢏࢒࢙ࡼ  

D1.1 28.5 29.7 25.9 31.2

D1.2 29.8 30.9 25.9 28.9

D1.3 28.5 29.4 22 21.7

B. D1 types of  signal structure candidates 
In this section, the candidates signal performances using the 

structure of the IWG SBAS L5 SIS ICD signal are presented. 
TABLE IX.  shows the signal performance in dBHz of: 

•  D1.1 candidate with a classic interpretation of the 
cycle slip rate requirement 

• D1.2 candidate with alternative interpretation of cycle 
slip rate requirement. In this case a ௦ܲ௟௜௣ ൌ 10ିଷ/ݏ has 
been chosen which implies a WERc=10-5 (equation 
(3)).  

• D1.3 candidate with a classic interpretation of the cycle 
slip rate requirement and with additional power used to 
implement a pilot component.  

The performances are presented for a normal (1ߪఝ) and for 
the worst (3ߪఝ) carrier phase estimation error. Carrier tracking 
is conducted on the data component. 

From TABLE IX. , it can be seen that the D1.1 signal 
threshold (minimum C/N0 necessary to obtain a correct 
functioning of the SBAS system) is 31.2 dBHz and is given by 
the cycle slip rate requirement. 

From TABLE IX. , it can be seen that the D1.2 signal 
threshold is between 29.8 and 30.9 dBHz and is given by the 
message WERc. Comparing these results with D1.1 (same 
structure but with traditional cycle slip rate requirement), we 
can see a decrease of the signal threshold. 

From TABLE IX. , it can be seen that the D1.3 signal 
threshold is between 28.5 and 29.4 dBHz and is given by the 
message WERc. Therefore, comparing these results with the 
IWG SBAS L5 SIS ICD signal structure (D1.1), we can see 
that the introduction of a pilot in addition to providing geo-
ranging capabilities, improves the signal threshold by about 2.5 
dB. 

C. D2 types of  signal structure candidates 
In this section, the candidates signal performances using 1 

data component with new LBCCs are presented. Moreover, the 
increase of data rate, ܴௗ, is presented. 

B.1. Increase of data rate and synchronization component 
structure 

The increase of the data rate, ܴௗ, will depend on the type of 
LBCC being used. Moreover, the ܴௗ increase could be further 
maximized by transmitting the message ID in the 
synchronization component and by associating to a determined 
message a type of LBCC. 

Therefore, we propose to transmit 7 information bits with 
the synchronization component: 

• 1 bit = Determines if the 1-second length signal block 
corresponds to the first block of a LBCC 

• 6 bits = Message ID 

The association between the message ID and the LBCCs 
will depend on the final signal design. TABLE X.  summarizes 
a possible association made from the fields of the IWG SBAS 
L5 SIS ICD definition. 

TABLE X.  ASSOCIATOIN BETWEEN LBCCS AND MESSAGE IDS 

CCSDS-250 CCSDS-500 CCSDS-1250

Integrity, Almanac, 
Degradations Parameters 

Almanac, Degradations 
parameters, Ephemeris SV corrections 

Finally, the ܴௗ increase is obtained from the reduction of 
header bits (synchronization bits, message ID) and CRC bits 
w.r.t the data bits. Therefore, the final gain in bits per 
codeword is: 

  Gain ൌ ሺ8 ൅ 6ሻ · S ൅ 24 · ሺS െ 1ሻ െ כ4  (25) 

• S is the number of 1-second length blocks occupied by 
the LBCC 

 is the number of tail bits required by the selected כ4 •
CCSDS turbo codes. However, if a LDPC channel 
code was selected, these bits would not be necessary.  

TABLE XI.  summarizes the gain in bits. From TABLE XI, 
we can already identify some uses for the available bits: for 
example, for the integrity message, 10 more bits (or 14 bits for 
LDPC channel code) are available which allows the inclusion 
of 2 (or 3) additional DFREI (and thus up to 9 or 10 
exhaustively monitored satellites) and 1 additional DFRECI. 
Moreover, the additional 166 bits which could be used with the 
CCSDS-1250 could allow the transmission of SV corrections 
in less time and thus could open the door for Ionospheric 
corrections and alarms for L5-only transmissions. 

B.2.  Performances 
TABLE XII.  shows the signal performance in dBHz of: 

• D2.1 candidate with a classic interpretation of the cycle 
slip rate requirement. Carrier tracking is conducted 
over the pilot component. 

• D2.2 candidate with an alternative interpretation of the 
cycle slip rate requirement: ௦ܲ௟௜௣ ൌ 2 · 10ିସ/ݏ for the 
longest codeword CCSDS-1250 (l=5) has been chosen 
which implies a WERc=10-5 (equation (3)). Carrier 
tracking is conducted over the data component. 

• D2.1 candidate with a classic interpretation of the cycle 
slip rate requirement and with additional power used to 
implement a pilot component. Carrier tracking is 
conducted over the pilot component. 

The performances are presented for a normal (1ߪఝ) and for 
the worst (3ߪఝ) carrier phase estimation error and only for the 
LBCCs code presenting the highest threshold. 



From TABLE XII, it can be seen that D2.1 signal threshold 
is between 29.2 and 30.9 dBHz and is given by the message 
WERc. Therefore, comparing these results with D1.1 (TABLE 
IX. ) performance, we can see that in addition to increasing ܴௗ, 
the signal threshold is decreased. 

From TABLE XII, it can be seen that D2.2 signal threshold 
is 30.4 dBHz and is given by the cycle slip rate requirement. 
Therefore, comparing these results with D1.2 (TABLE IX. ) 
performance, we can see that the signal threshold is slightly 
degraded (about 0.5dB) when increasing ܴௗ. 

From TABLE XII, it can be seen that the D2.3 signal 
threshold is between 27.5 and 28.5 dBHz and is given by the 
message WERc. Therefore, comparing these results with D1.3 
(TABLE IX. ) performance, we can see that in addition to 
increasing ܴௗ, the signal threshold is decreased. 

D. D3 types of  signal structure candidates 
In this section, the candidates signal performances using 2 

data components, one with the IWG SBAS L5 SIS ICD signal 
structure and the other with the new LBCCs, are presented. The 
increase of data rate, ܴௗ, is given as well. This structure is 
presented since it will allow a receiver to just process the IWG 
SBAS L5 SIS ICD signal data component regardless of the 
other candidate signal components. 

C.1. Coordination between data components 

In order to obtain a good performance from the D3 
candidates, we need to implement a good coordination between 
the data components. The most important thing to avoid is the 
degradation of the integrity/alarm parameters. Therefore, when 
the integrity/alarm message (and maybe other messages) is 
transmitted, both data components must transmit the same 
information. 

TABLE XI.  GAIN IN BITS WHEN USING LBCCS 

CCSDS-250 CCSDS-500 CCSDS-1250

14 52 166

TABLE XII.  D2 CANDIDATES PERFORMANCE SUMMARY. WERC = 10-3 
WITH CCSDS-250 FOR BLUE CELLS AND WERC = 10-5 WITH CCSDS-1250 FOR 

GREEN CELLS. ௦ܲ௟௜௣ ൌ 10ିହ/ݏ FOR PINK CELLS AND ௦ܲ௟௜௣ ൌ 2 · 10ିସ/ݏ FOR 
VILOET CELLS. 

Candidate 
Secondary PRN code 

acquisition, ࡼ૛ࢗࢉࢇ ൌ ૚૙ି૞, 
(૚࣐࣌/૜࣐࣌ሻ 

Synchronization component 
demodulation performance, ࢙ࡼ ൌ ૚૙ିૡ, (૚࣐࣌/૜࣐࣌ሻ 

D2.1 21.8 26.2 27 29.3

D2.2 26.4 28.1 27.7 29.1

D2.3 -- -- 24.9 26.4

Candidate 
Data component, WERc 

 (૚࣐࣌/૜࣐࣌ሻ 
PLL loss 

lock 
Cycle slip 

rate  

D2.1 29.2 30.9 22 26.9

D2.2 27 28.6 26.6 30.4

D2.3 27.5 28.5 22 21.7

 

The synchronization component is designed in order to 
accommodate this need. 8 bits are originally planned but 7 bits 
will be enough if there is a general guideline specifying which 
message types can be coherently added: 

• (optional) 1 bit = Same information in both 
components 

• 1 bit = 1-second length signal block of the 2 data 
component corresponds to the first block of a LBCC. 

• (Optional) 6 bits = Message ID (first and/or second 
component). Each message ID can have a fixed 
associated LBCC. 

C.2. Increase of the bit rate 

The final increase of data rate will depend on the 
implemented LBCCs of the 2nd data component and on the 
sensitive information being broadcasted simultaneously on 
both data components. 

For example, if only the integrity information is 
broadcasted in both data components and using the scheme 
provided in [3] for 90 satellites, the useful bit information rate 
is increased by 1.83 times for D3 (and D4) candidates. 

Moreover, assuming 2 consecutives integrity messages are 
sent in order to transmit the DFREI of about 90 satellites, D3 
(and D4) candidates will still increase 1.66 times the ܴௗ which 
could be used to transmit Ionospheric corrections and alarms 
for L5-only (CAT I autoland service provided), degradations 
parameters per satellites of blocks of satellites instead of 
constellations, railway or maritime applications related 
information, ARAIM parameters and GNSS authentication. 

C.3. Performances 

TABLE XIII.  shows the signal performance in dBHz of: 

• D3.1 candidate with a classic interpretation of the cycle 
slip rate requirement. Carrier tracking is conducted 
over the 2 data components. 

• No suitable D3.2 candidate, with an alternative cycle 
slip rate requirement interpretation, has been found. 

• D3.3 candidate with a classic interpretation of the cycle 
slip rate requirement and with additional power used to 
implement a pilot component. Carrier tracking is 
conducted over the pilot component. 

The performances are presented for a normal (1ߪఝ) and for 
the worst (3ߪఝ) carrier phase estimation error and only for the 
LBCCs code presenting the highest threshold. 

From TABLE XIII, it can be seen that the D3.1 signal 
threshold is either between 32 and 33.1 dBHz and is given by 
the message WERc when the IWG SBAS L5 SIS ICD signal 
data component is decoded alone, or is 32.6 dBHz given by the 
cycle slip rate. Comparing this value with the D1.1 threshold 
(TABLE IX. ), we can see that the degradation is about 1.5dB. 
This degradation is acceptable with respect to the ܴௗ increase. 

From TABLE XIII, it can be seen that the D3.3 signal 
threshold is between 31.9 and 32.5 dBHz and is given by the 
message WERc when the IWG SBAS L5 SIS ICD signal data 



component is decoded alone. Comparing this value with the 
D1.3 threshold (TABLE IX. ), we can see that the degradation 
is about 3dB. However, this degradation is small compared to 
the D1.1 threshold. Therefore, we can conclude that the 
inclusion of a pilot component, in addition to provide geo-
ranging capabilities, will increase ܴௗ with a slight decrease of 
the original SBAS L1 signal performances. 

E. D4 types of  signal structure candidates 
In this section, the candidates signal performances using 2 

data components implementing new LBCCs are presented. The 
comparison between D4 and D3 candidates is very interesting 
since it shows how the 2 data component design is better 
exploited when LBCCs codes are employed. 

The increase of the data rate, ܴௗ, is the same as for D3 
candidates (see section VI.C.2). 

D.1. Coordination between data components 

As said for D3 candidates, coordination between the 2 data 
components is very important to guarantee that sensitive 
information is always decoded with the lowest threshold. 

TABLE XIII.  D3 AND D4 CANDIDATES PERFORMANCE SUMMARY. WERC = 
10-3 WITH SBAS L5 CC FOR BLUE CELLS, WERC = 10-3 WITH CCSDS-250 FOR 
GREEN CELLS, WERC = 10-3 WITH CCSDS-1250 FOR PINK CELLS, WERC = 10-5 

WITH CCSDS-250 FOR YELLOW CELLS AND WERC = 10-5 WITH CCSDS-500 
FOR VIOLET CELLS. ௦ܲ௟௜௣ ൌ 10ିହ/ݏ FOR ORANGE CELLS AND ௦ܲ௟௜௣ ൌ 10ିଷ/ݏ 

FOR RED CELLS. 

Candidate 
Secondary PRN code 

acquisition, ࡼ૛ࢗࢉࢇ ൌ ૚૙ି૞, 
(૚࣐࣌/૜࣐࣌ሻ 

Synchronization component 
demodulation performance, ࢙ࡼ ൌ ૚૙ିૡ, (૚࣐࣌/૜࣐࣌ሻ 

D3.1 26.6 28.5 27.8 29.4

D3.3/D4.3 -- -- 22.3 24.4

D4.1 27.2 30 27.7 29.3

D4.2 26.4 28.4 27.7 29.3

Candidate 
1st + 2nd  data components, 

dem. perfor., WERc 
(૚࣐࣌/૜࣐࣌ሻ 

1st data component only, 
dem. perfor., WERc      

(૚࣐࣌/૜࣐࣌ሻ 

D3.1 29.1 30.5 32 33.1

D3.3 29 29.8 31.9 32.5

D4.1 28.7 31 31.4 33

D4.2 28.4 29.8 31.3 32.3

D4.3 27.3 28.4 30.2 30.9

Candidate 
2nd data component only, 

demo. Perfor., WERc  
(૚࣐࣌/૜࣐࣌ሻ 

PLL loss 
lock 

Cycle slip 
rate 

D3.1 30.4 31.6 27.5 32.6

D3.3 30.2 30.9 22 21.7

D4.1 30.5 32.3 23.7 28.7

D4.2 30.3 31.5 27.5 30.4

D4.3 29.2 30 22 21.7

 

Additionally, D4 candidates can also broadcast different 1-
second length blocks of the same codeword in the two data 
components at the same time. For example, for candidate D4.2, 
codewords CCSDS-500 which occupies two seconds, can be 
broadcasted in only 1 seconds if the first 500 coded bits are 
broadcasted in the 1st data component and the last 500 coded 
bits are broadcasted in the 2nd data component (see Fig. 10). In 
this case, the relationship between the cycle slip rate and the 
codeword WER is equal to (derived from equation (3)): ்ܹܴܧ ൌ 10ିଷ ൌ 1 െ ൫1 െ ௦ܲ௟௜௣൯௟/௖ሺ1 െ ௪ܲሻ (26) 

• c is the number of data components broadcasting 
different parts of the same codeword  

For D4 candidates, the synchronization component is 
designed equivalent as for D3 candidates (see section VI.C.1). 

D.2. Performances 

TABLE XIII shows the signal performance in dBHz of: 

• D4.1 candidate with a classic interpretation of the cycle 
slip rate requirement. Carrier tracking is conducted 
over the pilot component. 

• D4.2 candidate with an alternative interpretation of the 
cycle slip rate requirement: ௦ܲ௟௜௣ ൌ 10ିଷ/ݏ for the 
codeword CCSDS-500 (l=2, c=2) has been chosen 
which implies a WERc=10-5 (equation (26)). Carrier 
tracking is conducted over the 2 data components. 

• D4.3 candidate with a classic interpretation of the cycle 
slip rate requirement and with additional power used to 
implement a pilot component. Carrier tracking is 
conducted over the pilot component. 

The performances are presented for a normal (1ߪఝ) and for 
the worst (3ߪఝ) carrier phase estimation error and only for the 
LBCCs code presenting the highest threshold.  

From TABLE XIII, it can be seen that D4.1 signal 
threshold is between 31.4 and 33 dBHz and is given by the 
message WERc when the 1st data component is decoded alone. 
Comparing this value with the D1.1 signal threshold (TABLE 
IX. ), we can see that for an average case there is a slight 
degradation of about 0.5dB. 

 Therefore, we can conclude that candidate D4.1 is very 
interesting for two reasons: 

1) Receivers using only the 1st data component case: ܴௗ 
increase defined in section VI.B.1 for a slight decrease 
of performance. 

2) Receivers using the 2 data components case: very 
significant ܴௗ increase defined in section VI.C.2 and the 
same or even improved performance as IWG SBAS L5 
SIS ICD signal. 

From TABLE XIII, it can be seen that the D4.2 signal 
threshold is between 31.3 and 32.3 dBHz and is given by the 
message WERc when the 1st data component is decoded alone. 
Comparing this value with the D1.1 signal threshold (TABLE 
IX. ), we can see that for an average case there is a slight 
degradation of about 1.5dB. We can conclude: 



1) Receivers using only the 1st data component case: ܴௗ 
increase defined in section VI.B.1 for a 1.5dB threshold 
decrease. 

2) Receivers using the 2 data components case: very 
significant ܴௗ increase defined in section VI.C.2 and 
slight decrease of performance compared to IWG SBAS 
L5 SIS ICD signal (D1.2 candidate). However, slight 
better performances than D4.1. 

From TABLE XIII, it can be seen that the D4.3 signal 
threshold is between 30.2 and 30.9 dBHz and is given by the 
message WERc when the 1st data component is decoded alone. 
Comparing this value with the D1.3 signal threshold (TABLE 
IX. ), we can see that for an average case there is a slight 
degradation of about 1.5dB. However, if both data components 
are used at the same time the degradation is reduced to 0.5dB 
for a significant ܴௗ increase. Moreover, the demodulation 
performance using 1 or two data components are equal or 
better than IWG SBAS L5 SIS ICD signal (D1.1 and D1.2 
candidates), and we provide improved geo-ranging capabilities. 

F. Bit rate increase using CSK  
The use of a CSK modulation in order to increase the bit 

information rate is only considered for 2 data components 
candidates (D3 and D4) and only on the second data 
component. The reason is that a receiver should always have 
the possibility of obtaining the information from the IWG 
SBAS L5 SIS ICD signal structure (or a signal structure which 
only includes LBCCs) without the need of demodulating a 
CSK modulation. Moreover, when using a dynamic CSK 
modulation, the receiver could selectively ignore the 1-second 
length signal blocks which are CSK modulated (identified 
using the synchronization component) 

The second data component could implement a static 
CSK(4, 10) or even more interesting, the dynamic BPSK/CSK 
modulation presented in section IV.A.2. 

The dynamic CSK demodulation performances when using 
classical CSK decoding are given in TABLE XIV.  

TABLE XIV.  CSK DEMODULATION PERFORMANCES 

Candidates 

CSK(4,10) + Subframe 2 
GPS L1C LDPC, WERc=10-3   
(x2.5 ࢈ࡾ of data component) 

(૚࣐࣌/૜࣐࣌ሻ 

CSK(2,10) + Subframe 2 
GPS L1C LDPC, WERc=10-3    
(x5 ࢈ࡾ of data component) 

(૚࣐࣌/૜࣐࣌ሻ 

D4.1 35.4 36.3 38.3 38.9

D3.1 / D4.2 34.5 34.9 37.4 37.8

D3.3 / D4.3 34.15 34.6 37.2 37.4

  From TABLE XIV. , it can be observed that large values 
of C/N0 are required to demodulate the targeted CSK 
modulation. However, the utilization of the CSK modulation 
should only be thought for non-core services and only for users 
in good receptions conditions. 

VII. TARGET APPLICATIONS/OPERATIONS IDENTIFICATION  
In this section, an identification of the applications which 

could be targeted by the analyzed signal candidates is 
presented.  

• D2 candidates: Cat I operation with enhanced 
positioning services (2 or 3 additional DRFEIs for 
integrity message, degradation parameters for satellite 
blocks instead of constellations, bias terms of residual 
errors after application of SBAS SV corrections, 
Information on SV signal distortions), or even Cat I 
autoland operation. 

• D3 and D4 candidates with/without CSK: Cat I, Cat I 
autoland and Cat II operations, non-airborne 
applications (railway and/or maritime), ARAIM 
parameters and GNSS authentication. 

VIII. CONCLUSIONS 
In this work, we have analyzed several signal design 

candidates which pursue 3 main goals. The first goal is to 
increase the signal data rate (ܴௗ) with respect to IWG SBAS 
L5 SIS ICD in order to enhance aviation positioning services, 
in order to provide non-aviation services (maritime, railway) 
and in order to provide additional information for additional 
services such as ARAIM parameters and GNSS authentication. 
The second goal is to keep a 100% compatibility with the IWG 
SBAS L5 SIS ICD definition (possibility of alarm every 
integer number of seconds, etc). The third and last goal consists 
in preserving the IWG SBAS L5 SIS ICD signal performance. 

The analyzed signal candidates presented as major 
improvements: 

• Implementation of powerful linear block channel codes 
(LBCC) in order to reduce the demodulation threshold 
and in order to decrease the header/CRC bits w.r.t. the 
data bits. 

• Introduction of a synchronization component in order 
to synchronize and to identify the different LBCCs. 

• Introduction of a pilot component in order to 
synchronize LBCCs, in order to decrease the cycle slip 
rate threshold and in order to provide enhanced geo-
ranging capabilities (optional). 

• Introduction of a second data component in order to 
increase the signal data rate, ܴௗ. 

• And implementation of a CSK modulation in order to 
increase the signal data rate, ܴௗ. 

All the signal design candidates present a backward 
compatibility with the IWG SBAS L5 SIS ICD PRN code 
signal structure. The only exceptions are candidates selectively 
having 1-second length blocks of their second data component 
that are CSK modulated. However, a receiver can choose to 
ignore the CSK modulated 1-second length signal blocks 
(identified using the synchronization component) or to 
completely ignore the 2nd data component. Therefore, the 
backward PRN code structure compatibility is guaranteed.    

The signal design candidates implementing 1 data 
component and new LBCCs had about the same or better 
demodulation performance than the IWG SBAS L5 SIS ICD 
signal. Moreover, they obtained a significant reduction of 
header/CRC bits w.r.t to the data bits. 



The signal candidates with 2 data components were 
designed to allow the receiver to select the number of data 
components which he wanted to process. Therefore, a receiver 
had the possibility to process just one data component which 
provides the IWG SBAS L5 SIS ICD signal (implementing CC 
or LBCCs) without concerns for the second data component. 
Processing both data components allows the user to obtain 
enhanced aviation positioning services w.r.t the services 
provided by the current IWG SBAS L5 SIS ICD signal, and it 
also allows the user to obtain non-aviation services (railway, 
maritime) and other services (GNSS authentication, etc).  

Two types of signal design candidates with 2 data 
components were presented. The first type implemented the 
IWG SBAS L5 SIS ICD signal in the 1st data component and 
the second type implemented LBCCs on both data components. 
The second type of candidates provided better performance 
than the first type since LBCCs allow a better exploitation of 
the 2 data components: the performances are almost equivalent 
to the IWG SBAS L5 SIS ICD signal but with a very 
significant ܴௗ increase: an increase of at least 1.66 times the 
original ܴௗ. Moreover, the inclusion of a CSK modulation on 
the second data component allowed an even further increase of ܴௗ but at the cost of a higher C/N0 threshold for these specific 
parts. 

Finally, the introduction of a pilot component with 
additional allocated power to provide enhanced geo-ranging 
capabilities improved the demodulation performance of the 
signal design candidates and the IWG SBAS L5 SIS ICD 
signal. In fact, for the 2 data components signal candidates 
implementing LBCCs, the introduction of a pilot component 
with additional power allows to enhance IWG SBAS L5 SIS 
ICD geo-ranging capabilities, to significantly increase the 
signal data rate ܴௗ (at least 1.66 times) and even to improve the 
IWG SBAS L5 SIS ICD signal threshold. 
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