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1.3 Thesis contributions 

The main contributions of this thesis are enumerated below: 

 The development of Simulink-based software receiver at TUT and 
implementation of various delay trackers in the software receiver. 

 The optimization of a particular delay tracking structure, namely Multiple Gate 
Delay for Galileo E1 signals (i.e., using MBOC modulation). 

 The derivation and implementation of a two-stage delay estimator based on 
Narrow Correlator and High Resolution Correlator. 

 Detailed analysis of delay trackers with Simulink model in terms of Root Mean 
Square Error (RMSE) and tracking error variance.  

 The optimization of code tracking loop bandwidth and evaluation of data/pilot 
tracking. 

 Code tracking performance comparison between SinBOC(1,1) tracking and 
CBOC tracking. 

 The partial study of bandwidth limitation on code delay tracking algorithms. 

1.4 Thesis outline 

The thesis is structured in the following manner: 

Chapter 2 gives an overview of GNSSs and GNSS receiver operation.  

Chapter 3 discusses the concept of BOC and MBOC modulations for Galileo E1 signal 
and a brief description of Galileo E5 signal.  

Chapter 4 presents typical delay trackers: Narrow Correlator, High Resolution 
Correlator, Multiple Gate Delay, Dot Product discriminator, Slope Based Multipath 
Estimation and two-stage estimator, and the effects of normalization factors as well. 

Chapter 5 shows the Multiple Gate Delay optimization for MBOC modulated signals 
with infinite and limited receiver front-end bandwidth. 

Chapter 6 discusses about several GNSS software-defined receiver simulators available 
for commercial and academic use, in order to justify the development of a Simulink-
based Galileo signal simulator at TUT.  

Chapter 7 shows the GNSS Simulink software receiver at TUT, which is used for 
simulations in the thesis. 

Chapter 8 describes own developments on the Simulink software receiver at TUT.  

Chapter 9 presents the simulation results together with the performance analysis. 
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Finally, Chapter 10 draws conclusions from this thesis work and presents suggestions 
for future works. 
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Figure 2.1: Galileo and GPS frequency plan [9]  

 

The Galileo frequency bands have been selected in the allocated spectrum for Radio 
Navigation Satellite Services (RNSS) and E5a, E5b and E1 bands are included in the 
allocated spectrum for Aeronautical Radio Navigation Services (ARNS), employed by 
Civil -aviation users and allowing dedicated safety-critical application [9]. 

All the Galileo satellites will share the same nominal frequency, making use of Code 
Division Multiple Access (CDMA) compatible with the GPS approach. Six signals, 
including three data-less channels, or the so-called pilot channel (i.e., ranging codes not 
modulated by data), will be accessible to all Galileo users on the E5a, E5b and E1 
carrier frequencies for OS and SoL services. Two signals on E6 with encrypted ranging 
codes, including one data-less channel will be accessible only to some dedicated users 
that gain access through a given CS provider. Finally, two signals (one in E6 band and 
on in E2-L1-E1 band) with encrypted ranging codes and data are accessible to 
authorized users of PRS. [11] 

Galileo satellite transmits six different navigation signals: L1F, L1P, E6C, E6P, E5a and 
E5b signals. L1F signal (open access) and L1P signal (restricted access) are transmitted 
in the E1 band. E6C signal is a commercial access signal transmitted in E6 and E6P 
signal is a restricted access signal transmitted in E6A signal channel. E5a and E5b are 
open access signals transmitted in the E5 band. [12] 

The receiver reference bandwidths centered on the carrier frequencies are specified in 
Table 2.1 [12]. Those reference bandwidths take into account the correlation losses. 
Table 2.2 and Table 2.3 show the carrier frequencies and signal definition of Galileo 
and GPS signals, respectively.  
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 Table 2.1: Galileo signal receiver reference bandwidths [9]  

Signal 
Receiver reference bandwidth 

(MHz)  
E1 24.552 
E6 40.920 
E5a 20.46 
E5b 20.46 

 

Table 2.2: Galileo signals and applied modulations [2] , [9]  

Band 
Carrier 

Frequency 
[MHz]  

Modulation 
Chip 
rate 

[Mcps] 

Code 
length 
(chips) 

Data rate 
[sps] 

Presence of 
pilot  

channel 
E5a 1176.45 

AltBOC(15,10) 10.23 
10230 50 yes 

E5b 1207.14 10230 250 yes 
E6 1278.75 BPSK 5.115 5115 1000 yes 

E1 1575.42 
CBOC(+) in E1B 
CBOC(-)  in E1C 

1.023 4092 
250 in E1B 
No data in 

E1C 
yes 

 

Table 2.3: GPS signal and applied modulations (Civil use only) [13]  

Band 
Carrier Frequency 

[MHz]  
Modulation 

Chip rate 
[Mcps] 

Code length 
(chips) 

Data rate 
[sps] 

Presence of pilot 
channel 

L1 
C/A 

1575.42 BPSK 1.023 1023 50 yes 

L1C 1575.42 TMBOC 1.023 10230 100 yes 
L2C 1227.60 BPSK 1.023 10230 50 yes 
L5 1176.45 BPSK 10.23 10230 100 no 

 

It can be ssen from the Table 2.2 and Table 2.3 that, the E1 band in Galileo and L1 band 
in GPS have the same center frequency at 1575.42 MHz, but the signal transmitted in 
E1 and L1 band do not interfere significantly with each other because of the use of 
difference modulations, as shown in the tables. Galileo introduces longer codes and new 
types of modulation. For several years, SinBOC(1,1) modulation has been the baseline 
for Galileo OS signal and modernized GPS L1C signal. Recently, GPS and Galileo 
working group has recommended MBOC modulation. As one of the MBOC 
implementations, CBOC will be used by Galileo OS and another MBOC 
implementations, TMBOC will be used by GPS for its L1C signal [2]. Both 
SinBOC(1,1) and MBOC modulations are described in Chapter 3. The Pseudo Random 
Noise (PRN) code sequences used for the Galileo navigation signals determine 
important properties of the system. The Galileo code design includes the code length 
and its correlation properties of the code sequence. The performance of Galileo codes is 
also dependent on the cold start acquisition time [11]. The code length of Galileo E1 
band OS signal is 4092 chips, which is four times higher than the GPS C/A code length 









 
 

 
 

3. GNSS modulation types 

In 2004, the United States of America and the European Community reached an 
agreement that BOC(1,1) is to be the baseline for Galileo E1 OS signals and  
modernized GPS L1C signals. However, the optimization of that modulation has not 
stopped. The experts from US and Europe have produced a more recent 
recommendation for L1C and Galileo E1 OS signal, which is MBOC(6,1,1/11). The 
basic concept of BOC and MBOC will be introduced in this chapter. 

3.1 Galileo E1 OS and GPS L1C signal modulation 

In Galileo E1 band, the signals have the same carrier frequency as GPS L1 band. 
Therefore, a new type of modulation, namely CBOC or MBOC (in fact CBOC is an 
implementation of MBOC, as discussed later in this chapter), is used in order to 
minimize interference from GPS L1 signal.  The concept of this new modulation will be 
introduced in the following sections. 

3.1.1 BOC and MBOC 

The concept of Binary Offset Carrier (BOC) modulation was first introduced by Betz as 
an effort for GPS modernization. It provides a simple and efficient way of shifting 
signal energy away from the band center. BOC modulation is a square sub-carrier 
modulation, where a signal is multiplied by a rectangular sub-carrier of frequency fSC, 
which splits the spectrum of the signal into two parts. [16]  

A BOC modulation is defined via two parameters BOC(m,n), related to reference 
frequency 1.023MHz, m= fSC  /1.023 and n= fC /1.023,  where fC is chip rate [16]. From 
the point of view of the equivalent baseband signal, the BOC modulation can be defined 
via a single parameter, denoted as the BOC modulation order:  

 
2 2 SC

BOC
C

fmN
n f  (1) 

where m and n should be chosen in such a way that NBOC remains an integer. 

BOC modulation has two main variants: sine-BOC (SinBOC) and cosine-BOC 
(CosBOC). SinBOC modulated signal x(t) can be seen as the convolution between 
SinBOC waveform SSinBOC(t) and a modulating waveform d(t), as [17]: 
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Similarly, the CosBOC-modulated signal is the convolution between the modulating 
signal and the following waveform [16]: 

 

( ) cos , 0BOC
CosBOC C

C

N ts t sign t T
T  (4) 

For Public Regulated Service (PRS) in Galileo, CosBOC(15,2.5) proposed in [19] 
performs better with respect to multipath mitigation and seems to remain the most likely 
candidate. However, CosBOC(15,2.5) modulation is out of the scope of this thesis. 

The normalized Power Spectral Density (PSD) of a SinBOC(m,n) modulated PRN code 
with even NBOC is given by [16], [17]: 

 

( , )

sin sin( )
1( )

cos

C
C

BOC
SinBOC m n

C C

BOC

Tf fT
N

G f
T Tf f

N
 (5) 

An example of PSD of SinBOC(1,1) is presented in Figure 3.2. It can be seen that the 
power is away from the center frequency. 

 

Figure 3.2: Example of PSD of SinBOC(1,1) modulated signal 
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where NBOC1=2 is the BOC modulation order for SinBOC(1,1), NBOC2=12 is the BOC 
modulation order for SinBOC(6,1); S is the set of chips which are SinBOC(1,1) 
modulated; Eb is the code symbol energy; bn is the nth code symbol; cm,n is the mth chip 
corresponding to the nth symbol;

2
( )

BOCTP is a rectangular pulse of support TC / NBOC2 and 

unit amplitude. An example of time domain waveform of TMBOC is shown in Figure 
3.4. 

 

Figure 3.4: Example of waveform of TMBOC in time domain. Upper plot: PRN 
sequence; Lower plot: TMBOC modulated waveform 

 
Since the pilot and data components of a signal can be formed using different spreading 
time series and the total signal power can be divided differently between the pilot and 
data components, many different TMBOC-based implementations are possible. One 
candidate implementation of TMBOC for a signal with 75% power on the pilot 
component and 25% power on the data component, could use all SinBOC(1,1) 
spreading symbols on the data component and 29/33 SinBOC(1,1) spreading symbols 
and 4/33 SinBOC(6,1) spreading symbols on the pilot component as in Equation (8) [1]. 

0 2 4 6 8 10 12

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4

0.6
0.8

1

Chips

C
od

e
 s

e
qu

e
nc

e

 

 

PRN sequence

0 2 4 6 8 10 12
-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Chips

T
M

B
O

C
 c

od
e

 

 

TMBOC signal









 

 
 

CHAPTER 3. GNSS MODULATION TYPES  20  

Table 3.1: Signal properties of E5 band [22]  [23]  

Signal 
component 

Modulation Data Chip rate 
[Mchip/s] 

Center frequency 

E5aI BPSK(10) Yes 10.23 
1176.45MHz 

E5aQ BPSK(10) No 10.23 
E5bI BPSK(10) Yes 10.23 

1207.14 MHz 
E5bQ BPSK(10) No  10.23 

 

These four signal components in the E5 band can be modulated as a wideband signal 
generated by AltBOC(15,10) 8-PSK modulation as described in [9] and [22]. The 
wideband signal is at center frequency of 1191.795 MHz [23]. The AltBOC modulation 
provides such advantage that E5a (I/Q) and E5b (I/Q) can be processed independently, 
as traditional BPSK(10) signal, or together, leading to a better tracking performances in 
terms of noise and multipath mitigation at the cost of a larger front-end bandwidth and 
increased complexity [23]. However, the study of E5 signals is beyond the scope of this 
thesis. 
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4.1.3 MGD 

Another code tracking discriminator function is called Multiple Gate Delay (MGD), 
which has been first introduced in [25]. It has a variable number of weighted early-late 
correlator pairs. The error output D of an unnormalized MGD discriminator with three 
pairs of absolute early-late correlators, which will be used in what follows, is given by: 

 
1

2

3

( )

( )

( )

E E L L

VE VE VL VL

VVE VVE VVL VVL

D a I Q I Q

a I Q I Q

a I Q I Q  (15) 

where a1, a2 and a3 are the weight coefficients for each correlator pair. Usually, a1 is 
normalized to 1 without loss of generality; IE, IL, IVE, IVL, IVVE, IVVL, QE, QL, QVE, QVL, 
QVVE and QVVL are the I and Q components of early (E), late (L), Very Early (VE), Very 
Late (VL), Very Very Early (VVE) and Very Very Late (VVL). In [25], the results 
showed that MGD performs significantly worse than nEML. The main reason for that is 
due to the fact that the weighting factors were not optimized. The results of MGD with 
optimum parameters in [4], [26] and [27] showed that the optimum MGD gives better 
performance than nEML and HRC under the infinite receiver front-end bandwidth. 
Nevertheless, the main advantage of MGD is that it offers a large set of unpatented 
choices, which can be used in the design of mass-market GPS or Galileo receivers [26]. 
In this thesis, the optimization for MGD structure for MBOC modulation is studied, 
which will be presented in Chapter 5. 

4.1.4 Dot Product (DP) discriminator 

The unnormalized Dot Product is defined as follows: 

 ( ) ( )E L P E L PD I I I Q Q Q
 (16) 

where IE, IL, IP, QE, QL and QP are the I and Q components for Early, Late and Prompt 
correlators. From the point of view of S-curve, the Dot Product discriminator has 
similar S-curve shape as the nEML but it slightly outperforms nEML [7]. Figure 4.4 
presents an example of S-curve for unnormalized Dot Product discriminator. 
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Figure 4.4:  Example of S-curve for unnormalized Dot Product in single path 
propagation and infinite receiver bandwidth 

 

4.1.5 SBME 

An A-Posteriori Multipath Estimation (APME) was proposed in [28]. It utilizes a 
posteriori-estimation of the multipath error affecting the code tracking. The tracking is 
done in a conventional nEML. The multipath error affecting the nEML tracking is 
estimated in an independent module on the basis of different signal amplitude 
measurements. Subtracting this estimation from the code-phase measurement yields a 
substantial reduction of the error, especially for short-delay multipath. Therefore, a 
modified APME was developed in co-operation with colleagues at TUT and named as 
Slope Based Multipath Estimation (SBME) technique  [29]. It uses nEML in tracking as 
in APME, but estimated the multipath error is calculated as in Equation (17): 

 
2

0

1 L
SBME

I m dMP a
I  (17) 

here mL is the late slope of the normalized ideal correlation function (i.e. mL= -1 for 
BPSK, and mL= -3 for SinBOC(1,1) modulated signal); d is the spacing between early 
and late correlator pair; I0 and I+2 are the correlation values at prompt and at 2d late 
from the prompt correlation, respectively; aSBME is the optimized coefficient in least 
square sense by utilizing the theoretical MEE curves (e.g., aSBME is 0.42 in case of 
BPSK). Here, it is to be mentioned that, the late slope totally depends on the correlation 
shape. The parameters used in this thesis are summarized in Table 4.1. These 
parameters in the table were derived via Least Square optimization, in joint co-operation 
with colleagues at TUT.  
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Table 4.1: Parameters used in SBME 

 
SinBOC(1,1) tracking MBOC tracking 

mL aSBME mL aSBME 
E1B channel -2.68377 0.2 -4.2297 0.07 
E1C channel -3.31623 0.14 -5.3847 0.05 

 

4.1.6 Two-stage estimator 

The two-stage estimator runs the first stage for certain time duration in order to tracking 
the error around the main peak of correlation shape. The nEML is used in the first stage 
because it has wide uncertainty region, which provides high possibility to track on the 
main peak of the correlation shape. The second stage is activated after the first stage is 
finished. The second stage is to make the fine estimation of the code delay. HRC is 
chosen in the second stage since it has smaller uncertainty region compared with nEML, 
which can provide more accurate code delay estimation than nEML. 

As shown in Figure 4.3, the extra zero-crossing in the discriminator function of HRC 
increases the possibility of locking to a false point and sensitivity to noise. Therefore, a 
separate Carrier-to-Noise Ratio (CNR) estimator module is implemented, which is 
working with two stage estimator in order to improve the tracking performance.  

The CNR estimator is based on the theory in [30]. It considers the measurement of total 
power in 1/T (wide-band power) and 1/MT (narrow-band power) noise bandwidth of the 
following form: 

 
2 2

1

( )
M

k i i
i k

WBP I Q  (18) 

and 

 2 2

1 1

M M

k i i
i ik k

NBP I Q
 (19) 

computed over the same M samples. A normalized power defined as follows: 

 
k

k
k

NBPNP
WBP  (20) 

The CNR estimator can be presented as: 

 
10  (21) 
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E E L L

E E L L

I Q I Q
D

I Q I Q  (24) 

Again, similar formula can be obtained for HRC and MGD by using the same 
denominator. The Dot Product again uses the power of the early and late correlator 
output as shown in Equation (25).  

 
2 2 2 2

( ) ( )E L P E L P
DP

E E L L

I I I Q Q QD
I Q I Q  (25) 

The normalization by sum of the signal strength of early and late correlator output can 
be used in any DLL discriminator function. Figure 4.5-Figure 4.8 give examples about 
how the normalization performs in different CNR conditions. The envelope of the 
correlator output was used in the simulation and MGD parameters are optimized. As we 
can see, the normalization by early plus late correlator gives the best tracking 
performance for nEML, Dot Product and MGD, especially at lower CNR condition.  
The normalization results of HRC shown in Figure 4.7 are not so clear here. There is not 
much difference in tracking performance in case of HRC with these three types of 
normalization. However, in what follows, the normalization via early-plus-late 
correlation will be used for all the discriminators.  

 

Figure 4.5: RMSE vs. CNR for nEML with two normalization factors 
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Figure 4.6: RMSE vs.CNR for Dot Product with two normalization factors 

 
As described in the previous section, HRC and MGD algorithms utilize more correlator 
pairs than that of nEML. Therefore, there is another possibility to normalize HRC and 
MGD discriminators by using all the correlator pairs and corresponding weight factors 
in the normalization. A generic formula of the normalized discriminator function can be 
presented as follows: 

 
1

2

3

1

2

3

( )

( )

( )
( )

( )

( )

E E L L

VE VE VL VL

VVE VVE VVL VVL

E E L L

VE VE VL VL

VVE VVE VVL VVL

a I Q I Q

a I Q I Q

a I Q I Q
D

a I Q I Q

a I Q I Q

a I Q I Q

 (26) 

where a1, a2 and a3 are the weighting factors for each correlator, for MGD, they are 
optimized MGD coefficients; for HRC, a1=1, a2=-0.5 and a3=0.  

 
Figure 4.7: RMSE vs.CNR for HRC with three normalization factors 
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Figure 4.8: RMSE vs.CNR for MGD with three normalization factors 

 

However, as can be seen from Figure 4.7 and Figure 4.8, this type of normalization 
gives the worst performance in tracking at low CNR.  
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Figure 5.2: The block diagram of tracking loop used 

5.2 Optimization criterion and theoretical analysis  

The optimization is analyzed under two hypotheses: infinite bandwidth (mostly used in 
theoretical analysis) and limited front-end bandwidth (realistic case).  With infinite 
front-end bandwidth, the optimum coefficients were obtained for five MBOC signal 
implementations, namely CBOC(+), CBOC(-), CBOC(+/-), TMBOC(6,1,9/11) and 
TMBOC(6,1,29/33). The reference code has the same modulation as the transmitted 
signal, because for infinite bandwidth, we can get better results with same reference 
code as transmitted signal and we are not limited by the bandwidth constraint. With 
limited front-end bandwidth, two receiver options are studied here: 1) the reference 
code uses the same modulation as the transmitted signal; 2) the reference code is 
SinBOC(1,1) modulated (this approach is typically useful under low bandwidth 
constraints, which are specific to mass-market receivers). 

As shown in Figure 5.1, three correlator pairs are used, because the MGDs with more 
than three early-late correlator pairs proved to bring only a little benefit in performance 
and increased the complexity significantly [26]. In order to decide on the optimum 
coefficient, we used an optimality criterion based on so-called Multipath Error Envelope 
(MEE) [4], which shown the performance under a two-path channel, in the absence of 
other noise sources. The MEE is widely used for illustrating the multipath performance 
of different code tracking algorithms [27]. The smaller the enclosed area is, the better 
the multipath performance is. The MGD with optimum coefficients should have 
minimum enclosed area. The illustration of the enclosed MEE area principle is shown in       
Figure 5.3 for a nEML structure with 3 MHz double-sided bandwidth. 


























































































