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Abstract 

The emerging European global satellite system Galileo has gained much public interest regarding location and position 
services. Two Galileo Open Service signals, namely E1 and E5, will provide the frequency diversity. The dual-
frequency receiver will greatly enhance the performance of satellite navigation. However, the dual-frequency receiver 
becomes more complex since it needs to process two signals. Using common front-end components and common 
baseband for all the signals is a popular concept in literature in order to decrease the complexity.  In this concept, two 
signals will be combined before the common baseband. The signals will then interfere with each other and the radio 
frequency (RF) interference in one signal band may also appear in other signal bands after the signal superposition. This 
article investigates the impact of interference due to the signal superposition on code tracking. 
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1. Introduction 

*Satellite navigation is a process of providing 
autonomous global geo-spatial position with coverage all 
over the world. The navigation technology is essential for 
several civil applications, such as in the transportation 
field (e.g., road, rail and aviation). Other applications, 
such as precision agriculture, wildlife behaviour 
monitoring, surveying and time based applications are 
also based on the estimation of users’ Position, Velocity 
and Time (PVT) [1]. These applications, especially the 
ones dedicate to safety, require high accuracy of users 
PVT estimation.  

The increasing demands for navigation services have 
also accelerated the advent of new navigation systems. By 
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2020 there will probably be at least three independent 
Global Navigation Satellite Systems (GNSS) available: 
GPS, GLONASS and Galileo. However, conventional 
navigation devices usually receive only a single frequency 
satellite signal coming from only one system and the 
receivers may suffer from sever performance degradation 
in GNSS-challenged environment, such as urban areas. 
Moreover, various sources of radio-frequency 
interferences (RFI), both wideband and narrowband, 
interfere with the received satellite signal. Despite the 
growing need for accurate and reliable satellite 
positioning, the above-mentioned issue still severely 
limits the achievable system performance.  

Utilizing dual frequencies could greatly enhance the 
performance of satellite navigation. For example, one of 
the error sources for satellite navigation, the RFI, either 
intentional or unintentional, represents an impairing factor 
in GNSS application mainly due to the low power of the 
GNSS signal at the earth surface. This RFI is likely to 
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affect only one of the two frequencies, thus receiving the 
signal through dual frequency may enhance the results. 
Indeed, the frequency diversity will provide better 
robustness against interference since one signal band may 
still be used while the other is jammed [2]. In addition, 
two frequencies can be used to correct the ionosphere 
error if the higher order effects are ignored, so that a 
higher positioning accuracy can be provided. Moreover, a 
dual-frequency receiver could have a better performance 
in multipath mitigation, through different phases of the 
reflections of the difference frequencies [3]. For the 
reason above, we believe that the dual-frequency receiver 
implementation will be the main trend in the next 
generation receivers as soon as the signals become 
available. 

The dual-frequency receiver, however, becomes more 
complex since it needs to process the signals from two 
frequencies. One well-known concept to reduce the 
complexity is to share the same front-end components and 
to use one common baseband stage [2][4]. In this method, 
two signals will be combined before the common 
baseband stage as shown in [2]. However, the 
superposition of signals may bring some problems. For 
example, if the Intermediate Frequencies (IF) of signals 
are close to each other in the baseband, the signals may 
interfere with each other. This will affect the accuracy of 
code tracking on both signals. In addition, if there is RFI 
within one signal band, it might also appear in other 
signal bands after signals’ superposition. The RFI may 
degrade the tracking performance of both signals. To the 
author’s knowledge, these two problems have not been 
evaluated much in the literature so far. The goal of this 
article is to investigate the impact of signal superposition 
on code tracking accuracy in a dual frequency receiver 

from two aspects: 1) choice of relative IF for two signals 
in a dual frequency receiver; 2) the impact of RFI. The 
signals considered in this article are Galileo E1 and E5a 
signals. This is because the E1/E5a combination is the 
optimal solution for mass-market dual frequency receivers 
from the hardware implementation point of view [4]. The 
characteristics of E1 and E5 signals are summarized in 
Table 1 [5]. CBOC here stands for Composite Binary 
Offset Carrier modulation [6] and AltBOC for Alternate 
Binary Offset Carrier modulation [7]. The investigation 
has been conducted with two Simulink Tx-Rx chain 
simulators for Galileo E1 and E5 signals [8], respectively. 
These two simulators are built at Tampere University of 
Technology (TUT) in Finland.   

The rest of the paper will be organized as follows: next 
section introduces the simulator used in this article and 
some details of the main blocks in the simulator. Then, 
the simulation setup and results will be presented in 
Section 3; finally, the conclusions are drawn in Section 4.   

Table 1. Parameters of E1 and E5 signal 

 E1 signal E5 signal 
Modulation type CBOC(6,1) AltBOC(15,10) 
Chip rate (MHz) 1.023 10.23 
Carrier frequency (MHz) 1575.42 E5: 1191.795  

E5a:1176.45  
E5b:1207.12  

Reference BW (MHz) 24.552 E5: 51.15  
E5a: 20.46  
E5b: 20.46  

 

 

Figure 1. Block diagram of simulator 
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2. Simulink model overview 

2.1 Generic simulator structure  

Simulation is a powerful method in the analysis and 
design of communication devices. The research on new 
signals, which are not available in the sky, can be done 
through simulations [9]. The simulators for E1 and E5a 
signals used in this article for evaluating the tracking 
performance were created at TUT, under Simulink from 
Mathworks. Two simulators were combined in order to 
conduct the simulations in this article. The block diagram 
of this modified simulator is as shown in Figure 1.  

2.2 Before the signals superposition 

As shown in Figure 1, the E1 and E5 signals are first 
generated separately in two transmitter blocks. The 
transmitters generate the whole band E1 and E5 signals. 
The two signals may be passing through common or 
different wireless channels, depending on the relative 
location of the transmitters (satellites). Here, we assume 
E1 and E5 signals are coming from the same satellite, so 
the channel power-delay profiles are identical to E1 and 
E5 signals. However, it is to be mentioned that these 
common channel profile will affect differently the E1 and 
E5a signals, since they operate at different chip rates and 
different IF. After passing through the channel, the signals 
are captured by the receiver and filtered by the front-end 
filters. The main details about each block are introduced 
in the text as followed.  

2.2.1 E1 signal transmitter 
The E1 signal transmitter block is implemented based 

on CBOC modulation, including primary code and 
secondary code, in the accordance with the latest Galileo 
OS SIS ICD [5]. In the E1 signal transmitter block, E1B 
channel uses  a CBOC(+)- modulated signal with 
navigation data and E1C channel uses  a  CBOC(−)-
modulated signal with a pre-defined bit sequence of 
CS25[10]. The E1 signal is formed as the difference 
between those two signals. The signal at the output of the 
transmitter is at IF. 

2.2.2 E5 signal Transmitter 
The E5 signal transmitter generates the whole E5 signal. 
The E5aI, E5aQ, E5bI and E5bQ are modulated by using 
AltBOC(15,10) 8-PSK modulation, as described in [5]. 
The whole E5 signal is transmitted at IF at the output of 
the E5 signal transmitter. The IF for E5 signal may be 
different than the IF for E1 signal. 

2.2.3 Channel blocks 
The channel block generates the multipath signals and 
complex noise for a user-defined Carrier to Noise density 
ratio (C/N0), multipath delay and power. In this article, we 

only consider the single path scenario in order to focus on 
the effect of RFI. 

2.2.4 Front-end filters 
The front-end blocks are used for receiver front-end 
filtering. They are Chebyshev type I bandpass filters with 
order 6. There are several front-end bandwidths can be 
used, e.g., infinite bandwidth for the ideal case, 4 MHz 
which can cover the main lobe of E1 signal power 
spectrum and 20.46 MHz for E5a signal. 

2.3 Radio frequency interference 

 

 

Figure 3. Interference generation 

The possible external interference is generated 
separately. In this article, we assume the external 
interference is narrowband radio frequency interference. 
This interference is generated in such a way that the white 
Gaussian noise passes through a bandpass filter (see 
Figure 2 and Figure 3). The filtered noise can be shifted to 
different carrier frequencies. 

2.4 Tracking stage  

The filtered E1 and E5a signals are combined before 
the tracking stages. Since the common baseband structure 

 

Figure 2. Example of bandpass filter use for 
generating narrowband interference 
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contains a number of tracking channels and each channel 
is capable of processing one signal at a time, therefore, 
the tracking stages in this simulator are implemented 
separately for E1 and E5a signals. The E5a signal tracking 
stage processes only E5a signal. The function of blocks 
including in the tracking stage will be introduced next. 

In both E1 and E5a tracking channel, the tracking stage 
consists of three main blocks: carrier wipe-off block, code  
Numerically Controlled Oscillator (NCO) block and dual 
channel correlation and discriminator block. 

In the carrier wipe-off block, the received signal is 
down-converted to the baseband with the estimated 
frequency and phase from Phase Lock Loop (PLL) and 
Frequency Lock Loop (FLL) in the tracking loop.  

The “code NCO” block generates the local 
Pseudorandom Noise (PRN) reference code, which is 
shifted by the estimated code phase from Delay Lock 
Loop (DLL). According to the correlator offset and the 
status of phase holding shifter, the local reference codes 
are determined. In E1 signal receiver, the local reference 
codes are generated separately for E1B and E1C channel, 
respectively. In E5a signal receiver, only In-phase E5a 
signal is generated.  

In the dual channel correlation and discriminator block, 
FLL and PLL and DLL are included. In the DLL 
discriminator block, various conventional discriminator 

functions are implemented, such as narrow correlator 
[11], Multiple Gate Delay (MGD) [12][13] and two-stage 
estimator [14]. In the simulation, only the narrow 
correlator is used. The main parameters used in the E1 
and E5a signal Simulink model are summarized in Table 
2. 

3. Simulations 

The simulations have been done with the simulator 
introduced above. In all the simulations, the power level 
of the desired signal and thermal noise were set to 
produce a signal with C/N0 of 55 dB-Hz. The narrow 
correlator was used in the discriminator in both E1 and 
E5a tracking stage. The impact of different IF values and 
narrowband interference was investigated. The details of 
the simulation setup and results are shown in the next 
section. The simulation parameters are summarized in 
Table 3. 

Table 3. Simulation parameters 

Simulation parameters Value 
C/N0 55 dB-Hz 
Front-end bandwidth E1: 4MHz 

E5a: 20.46 MHz 
Discriminator Narrow Correlator 

Impact on IF on code tracking simulations 
E5a IF 10.23 MHz 
E1 PSD IF shift relative 
to E5a PSD 

0:1.023:10.23MHz 

Impact of Narrowband interference simulations 
Narrowband interference 
bandwidth 

10 kHz 

  

3.1 Impact of IF on code tracking 

3.1.1 Simulation setup 
In order to find the effect of the choice of IF value for E1 
and E5a signals, we configured the simulator as follows: 
as shown in Figure 4, the E5a signal stays at a fixed IF, 
10.23 MHz and the E1 signal is shifted to different IF. 
Since the signals will not interfere with each other when 
the E1 and E5a signal spectrums are not overlapping, 
therefore, we only evaluate the effect on code tracking 
when the E1 and E5s spectrum are overlapped. The effect 
on code tracking for E1 and E5a signals are evaluated 
separately.  

Table 2. Signal simulator parameters 

Parameters Typical value 
Sampling frequency in E1 

transmitter  
52 

Sampling frequency in E1 
tracking  (MHz) 

52 

Intermediate frequency IF 
for E1 signal (MHz) 

3.42 

Early-Late correlator 
spacing  in E1 tracking 
(chips) 

Bandwidth 
dependent 

∆E_L ≥ fc_E1/Bw 

Reference code in E1 
tracking 

SinBOC(1,1) 
modulated E1B and 

E1C 
Sampling frequency fs in 
transmitter (MHz) 

104 

Sampling frequency  in 
tracking (MHz) 

52 

IF for whole E5 signal 
(MHz) 

15.34 

IE5a frequency fE5a (MHz) 10.23 
Early-Late correlator 
spacing in E5a tracking 
(chips) 

Bandwidth 
dependent 

∆E_L ≥ fc_E5/Bw 
Reference code in E5a 
tracking 

E5aI code 
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Figure 4. Illustration of IF shifting in simulation 

3.1.2 Simulation results 
The simulation results for evaluating the effect of IF for 

E1 and E5a signals are shown in Figure 5 and Figure 6. 
As can be seen from the Figure 5, the signal superposition 
degrades a little the code tracking performance compared 
with of the performance without signal superposition. For 
both E1 and E5a tracking, the code tracking error 
increases about 0.2 m. The relative position of IF for E1 
and E5a signals does not have significant effect on the 
code tracking. On the other hand, the variance of E1 code 
tracking error is doubled after the signal superposition, as 
seen in Figure 6. The variance of E5a tracking error does 
not increase much. This is because of the fact that the 
bandwidth of E1 signal is much smaller than the 
bandwidth of E5a signal. The E1 signal interferes only in 
a part of the E5a signal. 

 

Figure 5. RMS of code tracking error for E1 and E5a 
signal 

 

Figure 6. Variance of code tracking error for E1 and 
E5a signal  

3.2 Impact of narrowband interference 

3.2.1 Simulation setup 
In order to evaluate the impact of the RFI introduced by 

the signals’ superposition, we fixed the IF for the E5a 
signal at 10.23 MHz, and IF for the E1 signal at 12.25 
MHz. This value was chosen from the local minimum 
value in E1 tracking as shown in Figure 5.  

In the evaluation on code tracking of both signals, we 
are interested in finding out what is  interference level  
introduced by  one signal band into another signal band. 
As shown in Figure 7, when the interference is originally 
within E1 signal band, the interference will also appear in 
E5s signal band after superposition. However, if the 
interfere exists only within the E5a signal band before 
superposition, the interference may not appear in the band 
of E1 signal after superposition, as shown in lower 
diagram in Figure 7. Since the interference cannot be 
filtered out in the tracking stage, the interference may still 
have some impact on the code tracking accuracy. 
Therefore, the simulations for E1 signal tracking were 
done with interference located within the whole E5a band. 
The aim is to see the differences between the tracking 
with and without signal superposition in the presence of 
narrowband interference. The narrowband interference 
was generated as described in Section 2. The simulation 
parameters were summarized in Table 3. 
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Figure 7. Illustration of signal superposition in the 
presence of narrowband interference 

3.2.2 Simulation results 
Figure 8 presents the results of E1 signal code tracking 

error after signal superposition when the interference is 
brought in E1 signal band from E5a signal band. As it can 
be seen in the figure, the interference in E5a band has a 
significant effect on E1 signal tracking accuracy, no 
matter whether the interference is within the E1 signal 
band after the superposition or not. If the interference is 
located at 1*fc away from the IF of E1 signal, the RMS of 
E1 code tracking error is up to 400 meters when the 
interference is located within the E1 signal band and when 
the interference to signal power ratio (ISR) is 40 dB. The 
effect on code tracking is getting smaller when the 
interference is moving far away from the E1 band.  We 
also found that, when the ISR is getting higher, the 
degradation on code tracking is getting bigger. The ISR 
threshold is between 25 dB and 30 dB, which means that, 
when the interference is below this threshold, the 
narrowband interference effect on code tracking is 
negligible. 

 

 

Figure 8. RMS of E1 code tracking error when the 
E5a signal introduces RFI to E1 signal 

Figure 9 shows that the RMS of E5a code tracking 
error when the E1 signal introduces RFI to E5a signal 
band. As it can be seen from the figure, compared with 
the situation of without signal superposition (no RFI 
introduced to E5a), we can observe that the interference 
introduced by the E1 signal have very little effect on 
tracking E5a signal if the ISR is less than 25 dB. When 
the ISR is up to 40 dB, the E5a signal code tracking 
performance is significantly degraded. We also found 
that, E5a signal is much more robust against narrowband 
interference than E1 signal. It is because of the high chip 
rate and wideband width.  

 

 

Figure 9. RMS of E5a code tracking error when the 
E1 signal introduces RFI to E5a signal 

4. Conclusions  

In this article, we analyzed the effect of signal 
superposition on code tracking. The evaluation was 
conducted with a Simulink simulator, including signal 
transmitters, propagation channels, front-end filter and 
signal tracking stages. The simulation results showed that 
the overlapping of two signal bands did not  have much 
effect on either  signal’ s code tracking. However, the 
noise level was increased much, especially on E1 signal.  

We also evaluated the effect of interference, which is 
introduced from one signal band to another signal band. 
The results showed that there were significantly effects on 
code tracking accuracy. If the interference introduced by 
E5a signal was not located in the E1 signal band after the 
superposition, the code tracking performance was still 
affected by the interference. The results also indicated that 
the E5a signal was more robust against the interference 
than E1 signal.   

For future work, taking advantage of common 
baseband structure in the dual frequency receiver to avoid 
interference and improve the tracking performance will be 
conducted.  
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