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ABSTRACT  
 
In this paper, we decode the PRN codes of the E5a and 
E5b signals broadcast by the Galileo GIOVE-A test 
satellite. The Galileo E5 band overlaps with Distance 
Measuring Equipment (DME) and Tactical Air 
Navigation (TACAN) bands. These navigation systems 
emit high-power pulses, causing severe interference to E5 
signals and thus challenging the decoding process. We 
apply the 1.8 meter dish of the Stanford GNSS Monitor 
System to receive the satellite signals. The received data 
are processed in a chain of signal conditioning, Doppler 
wipeoff, secondary code wipeoff, code sequence 
demodulation, and code generator derivation. 
 
Two primary code sequences are revealed in each 
frequency band, E5a-I, E5a-Q, E5b-I, and E5b-Q. The E5 
signals have a chip rate of 10.23 Mbps. All four primary 
codes have a period of 1msec with 10230 bits and are 
modulated by secondary codes. The secondary code of 
E5a-I has 20 bits and that of E5b-I has 4 bits. The 
secondary codes of E5a-Q and E5b-Q are both 100 bits.  



In addition to obtaining the code sequences, we also 
deduce the code generators. This reduces the required 
receiver memory size from thousands of bits to 56 bits per 
code sequence, a potentially important consideration of a 
multiplicity of codes are made available. As a result, the 
receiver cost can be dramatically decreased. All broadcast 
E5 primary codes are proven to be truncated 14-order 
Gold Codes. They can be generated by Linear Feedback 
Shift Registers, which are completely specified by tap 
weights and initial states.  
 
We then apply the codes for acquisition and tracking. By 
using our own software receiver, we are able to 
successfully acquire and track the GIOVE-A satellite. 
This is useful for evaluating the performance of the 
selected codes.  
 
We intend to use the above technique to further evaluate 
the GIOVE-B and other Galileo signals as they become 
available. 
 
INTRODUCTION  
 
The first test satellite of the Galileo system, GIOVE-A 
was launched on December 28, 2005 [1]. It started to 
broadcast Galileo signals on January 12th, 2006. GIOVE-
A is capable of transmitting on two frequencies at one 
time from an available set of L1, E5 and E6 bands. It was 
first broadcasting on L1 and E6 bands. Based on our 
observation, it switched to L1 and E5 bands in August, 
2006 for a few weeks and switched back to L1 and E6 
frequencies in September, 2006. Since October 25, 2006, 
it has been again transmitting on L1 and E5 bands. Our 
previous paper [2] studied the signals and PRN sequences 
of the initial GIOVE-A transmission on L1 and E6. This 
paper analyzes the broadcast Galileo E5 signals and 
extracts their PRN codes.  
 
Unlike its L1 and E6 counterparts, E5 signals at 1176.45 
MHz and 1207.14 MHz are exposed to a unique 
electromagnetic environment created by existing 
aeronautical system pulsed emitters, especially Distance 
Measuring Equipment (DME) and Tactical Air 
Navigation (TACAN) systems. DME provides distance 
measurement between aircraft and a ground station. 
TACAN additionally provides azimuth information and is 
a military system. These navigation systems consist of an 
airborne interrogator and a ground-based transponder.   
DME/TACAN operate in four modes (X, Y, W and Z) 
between 960 MHz and 1215 MHz in an Aeronautical 
Radionavigation Services (ARNS) band [3]. The ARNS 
frequency allocation chart in Figure 1 illustrates its 
overlap with the E5 band. Only the X-mode replies in the 
1151-1213 MHz frequency band, and is composed of 
pulse pairs with an inter-pulse interval of 12 µs [4]. The 
DME/TACAN interference degrades the signal-to-
interference plus noise ratio (SINR), and makes the E5 

decoding process more difficult than decoding L1 and E6 
codes.  

 

 
Figure 1. ARNS frequency allocation 

 
The first section of the paper describes the Galileo signal 
collected from the high gain dish of the Stanford GNSS 
Monitor System (SGMS) [5]. Strong DME/TACAN 
pulses are observed in E5a and E5b bands. In the second 
section, the raw data are conditioned in both time domain 
and frequency domain to reduce the DME/TACAN 
interference. In the third section, two codes in each band 
are discovered, namely, E5a-I, E5a-Q, E5b-I and E5b-Q, 
following the nomenclature of the ‘Galileo Open Service 
Signal In Space Interference Control Document (OS SIS 
ICD) [6]. The code periods are shown to be 1 msec and 
10230 bits. Chips in the periodic sequences are estimated 
from the conditioned I/Q data after wiping off carrier, 
Doppler offset and a secondary code. In the fourth section, 
we demonstrate that the code sequences are linear, 
truncated Gold Codes, so it is only necessary to store the 
code generators at the receiver. The generators (code 
polynomials and initial states) are also derived. In the 
final section, we implement the PRN codes in our 
software receiver. We demonstrate that our Galileo 
software receiver can successfully acquire and track the 
broadcast GIOVE-A signals, and show that, while 
acquisition and tracking are possible in the presence of 
DME/TACAN interference, a system that first removes 
this interference (for example with time-domain pulse 
blanking) is beneficial.  
 
DATA COLLECTION  
 
The GIOVE-A E5 signals are collected by SGMS, shown 
in Figure 2. SGMS has a 1.8 m steerable parabolic dish 
antenna with an L-band feed. The antenna has 
approximately 7o beamwidth, and provides about 25 dB 
of gain over conventional patch antennas. The azimuth 
and elevation motors of the antenna can be driven by 
satellite tracking software, so that the dish automatically 
points to and tracks a specific satellite.  
 

E5a E5b 

DME/TACAN 
1151 1176.45 1207.14 1213 Frequency (MHz)



 
 

Figure 2. Stanford GNSS Monitor System, 1.8m dish 
 
The signal from the feed of the antenna goes through a 
low noise amplifier, a band pass filter, and is collected by 
an Agilent 89600 Vector Signal Analyzer (VSA) as 
shown in Figure 3. 

 
Figure 3. Agilent 89600 Vector Signal Analyzer (VSA) 

 
We also observe the signal on a Hewlett Packard 
spectrum analyzer. 

 
Figure 4. Observing signal on a HP spectrum analyzer 

 
We use “Nova for Windows”[7] to determine an 
appropriate observation time for the GIOVE-A satellite 
pass over Palo Alto, CA, USA, and to drive the antenna to 
track the GIOVE-A satellite. The interface of the software 
is shown in Figure 5. It provides the view of satellite 
paths, azimuth, elevation information, etc.  
 

 
 

 
Figure 5. “Nova for Windows” software interface 

 
The VSA data are then uploaded to Matlab. Figures 6 to 9 
show the frequency spectra and time-domain plots of the 
inphase signals of E5a and E5b.  
   
In the frequency-domain plots (Figures 6 and 8), we see 
strong narrow-band tones attributed to DME, one obvious 
in the E5a band and three obvious in the E5b band. Each 
tone represents the airborne interogators and the beacon 
DME signal from a nearby airport. The power spectral 
density of the DME interference exceeds the noise floor 
of -110 dB by 50 dB for E5a and by 32 dB for E5b. More 
troubling, it is likely that these observed DME signal were 
not in the primary beamwidth of the antenna but their 
strong power levels make them readily apparent in the 
data. The E5 signals are even weaker than the noise floor 
and are completely buried in noise, even though the 
antenna gain is as high as 25 dB. All that is apparent in 
the spectral density plots is the VSA filter shape and the 
DME interference. In time domain, we see that strong 
DME pulses are frequent. They are 5-100 times greater in 
amplitude than the E5 signals.  



 
Figure 6. E5a Power spectral density 

 

 
Figure 7. Time domain E5a signal with DME interference, 

inphase samples 

 
Figure 8. E5b Power spectral density 

 
Figure 9. Time domain E5b signal with DME interference, 

inphase samples 
 

SIGNAL CONDITIONING  
 
Although DME/TACAN signals are strong and cause 
significant SINR degradation, their pulsed nature, in 
contrast to the spread spectrum nature of Galileo signals, 
enables interference mitigation. We apply two methods: 
pulse blanking in the time domain and notch filtering in 
the frequency domain.   
 
For brevity, we only present the signal processing results 
for E5b signals in this paper, as the observed E5b band 
suffers more interference at the data-collection location 
than E5a from DME/TACAN. In fact, we apply the same 
procedures to the E5a signals.  
 
I. Time Domain Conditioning – Pulse Blanking  
 
Figure 10 is a zoomed in version of Figure 9. If we zoom 
in further, we can see the DME pairs more clearly as 
shown in Figure 11. The noise amplitude is mostly within 
0.03 units, while the DME interference can reach 0.17 
units. If the amplitude of the received signal exceeds 
0.035, we claim that this part of the signal is corrupted by 
DME, and set it to zero as shown in Figure 12. This is the 
time domain method of ‘pulse blanking’. 

 
Figure 10. Time domain E5b signal with DME 

interference, inphase samples, zooming in 

 
Figure 11. Time domain E5b signal with DME 

interference, inphase and amplitude 



 
Figure 12. Time domain E5b signal after pulse blanking 

 
Figure 13. E5b power spectral density estimate, after 

pulse blanking 
 
Figure 13 shows the power spectrum. Pulse blanking 
mitigates 13 dB of DME interference, reducing the spikes 
from -78dB to -91dB. However, smaller spikes still exist 
at 21 dB above the noise floor. Pulse blanking is effective 
but not thorough due to the bell shape of the DME pulses. 
Its tails stretch below the noise floor, and thus cannot be 
removed simply by pulse blanking alone.  
  
II. Frequency Domain Conditioning – Notch Filtering 
 
In order to further mitigate the DME spikes, notch 
filtering is applied to the signal. We first transfer the time 
domain signal to frequency domain by Fast Fourier 
Transform (FFT). We null the spike frequency 
components, and then return the frequency expression to 
the time domain using Inverse Fast Fourier Transform 
(IFFT). Figures 14 and 15 show the frequency and time 
domain signals after pulse blanking and notch filtering.  

 
Figure 14. E5b power spectral density estimate, after 

pulse blanking and notch filtering 

 
Figure 15. Time domain E5b signal after pulse blanking 

and notch filtering 
 
Note that in the process of signal conditioning, we lose 
about 10% of signal energy. However, this loss is very 
small compared to the interference energy removed; we 
obtain a net gain in SINR. 
 
CODE SEQUENCE DEMODULATION  
 
The conditioned satellite signal is the product of a carrier, 
a pseudorandom noise (PRN) code and a secondary code. 
We now describe each of these components in the 
following paragraphs.  
 
The carrier frequency is 1207.14 MHz for the E5b signal 
and 1176.45 MHz for the E5a signal. The relative 
movement of the satellite with the respect to the Earth 
causes a Doppler frequency offset associated with the 
carrier frequency. The Doppler offset results in constant 
phase variation. 
 
Each of the E5a and the E5b signals has two PRN codes. 
For each code, there is a low-rate secondary code 
modulated on top of the carrier and a PRN code. 
Secondary codes increase the signal repetition time thus 
reducing the line spectrum in the frequency domain. Since 
receivers know the secondary codes beforehand, they can 
integrate for long periods of time for acquisition, and 
therefore obtain a high processing gain.  



 
The PRN code is the spreading code that satisfies each 
satellite. Knowing the PRN code is critical for a receiver 
to perform acquisition and tracking. So far, the broadcast 
PRN codes are different from the ones released in the 
Galileo ICD [6].  
 
In order to demodulate the GIOVE-A E5 PRN codes, we 
need to wipe off the carrier and Doppler offset from the 
received signal, and extract the secondary codes.  
 
I. Code Period Calculation 
 
We first correlate the whole code sequence with a small 
slice of itself. The correlation plot is shown in Figure 16. 
Figure 17 and 18 are the zoomed-in plots of the inphase 
and quadrature part of the correlation. The intervals 
between pairs of peaks are used to compute the code 
length. As the peaks occur at multiples of 1 msec, the 
PRN codes have period of 1 msec.  

 
Figure 16. Correlation of the whole code sequence with a 

small slice of itself 

 
Figure 17. Correlation of the whole code sequence with a 

small slice of itself, inphase 

 
Figure 18. Correlation of the whole code sequence with a 

small slice of itself, quadrature 
 

II. Doppler Wipeoff 
 
The Doppler offset has two effects on the correlation 
peaks. It results in constant phase variation, creating 
peaks in the inphase and quadrature channels. Moreover, 
it modulates the real and imaginary parts with a cosine 
and sine wave, respectively, causing the peak heights to 
vary.  
 
In order to remove the Doppler offset, we search the 
whole Doppler domain from -5000 Hz to 5000 Hz and 
minimize the peak height variation after Doppler 
compensation.  
 
After wiping off the Doppler and adjusting the initial 
phase, we can see peaks with more uniform heights in the 
inphase channel and no peak in the quadrature channel. 
This verifies the correctness of Doppler offset estimate.  

 
Figure 19. Correlation of the whole code sequence with a 

small slice of itself, inphase, after Doppler removal  

 
Figure 20. Correlation of the whole code sequence with a 

small slice of itself, quadrature, after Doppler removal  
 



III. Secondary Code Wipeoff 
 
At multiples of 1 msec, we deduce null peaks where no 
positive or negative peaks exist. We now assume the 
small slice of code used for correlation contains (E5b-
I)+(E5b-Q) in order to extract the secondary code; we 
discuss this assumption later. To avoid bit transition 
within the small slice of data, we choose the slice length 
to be 0.5 msec; compute two consecutive slices of 0.5 
msec and use the one with relatively larger peaks. Then 
the positive peaks represent [(E5b-I) + (E5b-Q)], the 
negative peaks represent – [(E5b-I) + (E5b-Q)], while the 
null peaks can be either [(E5b-I) - (E5b-Q)] or – [(E5b-I) 
- (E5b-Q)]. To solve the ambiguity of the null peaks, we 
pick another slice of data that corresponds to a null peak. 
We assume this second slice of data contains [(E5b-I) - 
(E5b-Q)]. We correlate it with the whole sequence. We 
again see positive and negative peaks and null peaks. This 
time, the positive peaks stand for [(E5b-I) - (E5b-Q)] and 
the negative peaks are – [(E5b-I) - (E5b-Q)]. The null 
peaks are either [(E5b-I) + (E5b-Q)] or – [(E5b-I) + (E5b-
Q)]. Figure 21 illustrates the relationship between peaks 
and the secondary code bits. The positive blue peaks and 
positive red peaks correspond to ‘+1’ for E5b-I secondary 
code; the negative blue peaks and negative red peaks 
correspond to ‘-1’ for E5b-I secondary code. The positive 
blue peaks and negative red peaks correspond to ‘+1’ for 
E5b-Q secondary code; the negative blue peaks and 
positive red peaks correspond to ‘-1’ for E5b-Q secondary 
code. Table 1 shows the reading of secondary codes in the 
example shown in Figure 21.  

 
Figure 21. Extracting secondary code bits according to 

correlation peaks 
 
 
 
 
 
 

 Period Secondary code 

E5b-I code 10230 [1, 1, 1, -1, 1, 1, 1, -1, 1, 1, -1, 
1, -1, -1, 1, -1, 1, 1, -1, 1… ] 

E5b-Q code 10230 [1, -1, 1, -1, 1, -1, -1, -1, 1, 1, 1, 
-1, 1, -1, -1, -1, 1, 1, 1, 1…] 

Table 1. Secondary code reading of E5b-I and E5b-Q 
based on Figure 21 

 
Once the secondary code is known, we coherently stack 
multiple slices of the code sequences and obtain clean 
(E5b-I)+(E5b-Q) and (E5b-I)-(E5b-Q) signals. We then 
unmix the PRN codes for E5b-I and E5b-Q, as follows.  
E5b-I={[(E5b-I)+(E5b-Q)]+[ (E5b-I)-(E5b-Q)]}/2;  
E5b-Q={[(E5b-I)+(E5b-Q)]- [(E5b-I)-(E5b-Q)]}/2. 
 
DERIVING CODE GENERATORS 
 
With the code sequences for E5b band obtained, we can 
implement these PRN sequences in Galileo receivers for 
acquisition and tracking. However, storing thousands of 
bits in the receiver is expensive for flash memory. For 
DSP units, the memory cost is even greater. This drives 
the desire to minimize the code representation.  
 
We consider linear codes as likely candidates for the 
Galileo code design, because they have good correlation 
performance, and can be generated by linear feedback 
shift registers (LFSR), which require only tens of bits.  
 
The schematic of a LFSR is shown in Figure 22. Its 
outputs are linear combinations of the previous bits. In 
other words, the output sequence is completely 
determined by its tap weights ( Naa L1 ) and initial state 

( Nuu L1 ). The LFSR arithmetic is modulo 2.  

ui+(N-1) ui+1 uiui+(N-2) ...

a1

+

a2a3

ui+2

aN-1aN

ui+N

 
 

( 1) 1 ( 2) 2 1 1a * a * a * a *i N N i N N i N i iu u u u u+ + − − + − += ⊕ ⊕ ⊕ ⊕L  
Figure 22. Linear Feedback Shift Register (LFSR) 

 
The algorithm in Figure 23 is developed for searching for 
a linear code representation.  
 



 
Figure 23. Searching for linear code representation 

 
Take the E5b-I code as an example. Since the code has 
period 10230 bits, if it was a linear code, the number of 
stages must exceed log2(10230). We initialize N=14. We 
can form the following equation set with 14 equations, 
and 14 unknown tap weights, 141 aa L .  
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The above equation set is solved modulo 2 to obtain the 
tap weights. The following bits in the sequence can then 
be generated.  
 
If the generated bits and the demodulated bits match, the 
code generator is then found. If not, we increment N and 
repeat.  
 
With this algorithm, both E5b-I code and E5b-Q codes are 
proven to be linear codes, and they can both be generated 
by 28-order LFSRs. The 28-order polynomials can be 
further factorized into two 14-order polynomials. This 
indicates that the E5b-I and E5b-Q code sequences can be 
generated by modulo 2 summing the outputs of two 14 
stage LFSRs. In fact, the two 14-order polynomials form 
the preferred pair of a Gold Code [8]. 
 
Recall that in the previous section, we used a small slice 
of code to correlate with the whole code sequence. We 
made the assumption that the small slice of the code 
contains (E5b-I)+(E5b-Q). This assumption may not be 
true. In fact, the small slice of code can be any linear 
combination of E5b-I and E5b-Q code. Since we assume 
it is (E5b-I)+(E5b-Q), all the secondary code bits are 
possibly flipped. As a result, after wiping off the 
secondary code, the whole E5b-I or E5b-Q sequence can 
be flipped. This ambiguity can be solved after deriving 
the PRN code polynomials. If the PRN code polynomial 
can be factorized by ‘1+X’, then the code is flipped. 

Otherwise, it is not. This is because the polynomial ‘1+X’ 
generates a sequence of all ‘1’s that is added modulo 2 to 
the code sequence, flipping all code bits.  
 
E5b-I and E5b-Q are concluded to be 14-stage Gold codes. 
The polynomials and initial states are listed below.  
 

E5b-I code (10230 bits, 1msec, 14-stage Gold code) 
Polynomial_1 X14+X13+X11+X4+1 
Initial State_1 [1 1 1 1 1 1 1 1 1 1 1 1 1 1] 
Polynomial_2 X14+X12+X9+X8+X5+X2+1  
Initial State_2 [1 1 1 0 0 0 1 0 1 0 0 0 1 0] 
 
E5b-Q code (10230 bits, 1msec, 14-stage Gold code) 
Polynomial_1 X14+X13+X11+X4+1 
Initial State_1 [1 1 1 1 1 1 1 1 1 1 1 1 1 1] 
Polynomial_2 X14+X12+X9+X8+X5+X2+1  
Initial State_2 [1 1 0 0 0 0 0 0 0 0 0 1 0 0] 

Table 2. Galileo E5b code generators 
 
We apply the same method for E5a signals. The E5a-I and 
E5a-Q code generators are also obtained by the algorithm 
in Figure 23. They are shown to be Gold codes as well. 
The polynomials and initial states are shown in Table 3.  
 

E5a-I code (10230 bits, 1msec, 14-stage Gold code) 
Polynomial_1 X14+X8+X6+X+1 
Initial State_1 [1 1 1 1 1 1 1 1 1 1 1 1 1 1] 
Polynomial_2 X14+X12+X8+X7+X5+X4+1  
Initial State_2 [1 1 1 0 1 0 1 0 1 1 1 1 1 1] 
 
E5a-Q code (10230 bits, 1msec, 14-stage Gold code) 
Polynomial_1 X14+X8+X6+X+1 
Initial State_1 [1 1 1 1 1 1 1 1 1 1 1 1 1 1] 
Polynomial_2 X14+X12+X8+X7+X5+X4+1  
Initial State_2 [0 1 1 0 1 1 0 0 1 0 1 0 1 0] 

Table 3. Galileo E5a code generators 
 
APPLYING THE CODES FOR ACQUISITION AND 
TRACKING 
 
With the decoded E5a and E5b PRN codes, signals from 
the GIOVE-A test satellite are acquired and tracked with 
a multi-signal all-in-view GNSS software receiver 
implemented in MATLAB™ (Figure 24; [9] [10]).  In 
addition to the E5 signal, this receiver is also capable of 
signal acquisition and tracking of GPS C/A-code, pseudo-
P-code (simulated signals only), or Galileo L1 or E6 
codes from the GIOVE-A test satellite. 
 



 
Figure 24. Software receiver block diagram 

 
Acquisition is implemented as a parallel code-phase 
search using FFT-based processing.  Several milliseconds 
of data may be combined to increase weak-signal 
sensitivity or to provide more accurate estimates of carrier 
Doppler frequency, although at a trade-off in execution 
time. 
 
Immediately after acquisition, the code-phase and carrier-
frequency estimates are used to initialize the code and 
carrier numerically-controlled oscillators (NCOs).  The 
receiver refines the estimates of carrier frequency, carrier 
phase, and code phase through a succession of tracking 
modes, where the phase-lock and delay-lock loop noise 
bandwidths are successively reduced. These estimates are 
shown in Table 4.  Since one of the tracking objectives 
was the estimation of the secondary code length and 
sequence, integration times were kept to 1msec for all 
tracking modes (the length of the primary spreading code 
sequence) – this is because carrier polarity may change at 
each millisecond, and this sequence is unknown until the 
secondary decoding has occurred. 
 
We load the raw GIOVE-A data collected through the 
SGMS dish to our software receiver. We first pass the 
data into the acquisition module. The 3-D acquisition plot 
in Figure 25 shows the normalized correlation function 
output as a function of code phase on one axis and carrier 
Doppler frequency on the other axis. We read the code-
phase and Doppler estimate based on the location of the 
main peak in the code phase and Doppler domain. The 
correlation peak to next peak ratio (CPPR) is only 6.24dB. 
This reflects the SINR degradation due to DME pulses. 
The Doppler estimate is -700 Hz. Due to the low CPPR, 
this estimate can be inaccurate and can cause converging 
failure in the next tracking module.  
 

 
Figure 25. Acquisition plot of Galileo E5a-Q channel 

 
We then feed the code-phase and carrier-frequency 
information to the tracking module as an initial estimate. 
The tracking output in Figure 26 shows four subplots as 
follows, each as a function of elapsed tracking time along 
the horizontal axis: 

• Upper-left:  Phase Lock Loop (PLL) discriminator 
output in degrees 

• Upper-right:  Delay Lock Loop (DLL) 
discriminator output in meters 

• Lower-left:  carrier Doppler frequency estimate 
• Lower-right:  code-phase estimate with respect to 

the receiver’s on-board millisecond counter 
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Figure 26. Tracking results of E5a-Q channel 

 
Unfortunately, the PLL and DLL are not locked. We 
observe excessive jumps in the estimates of phase offset 
and code offset. This is caused by inaccurate Doppler and 
code-phase output from the acquisition module due to the 
strong DME interference. However, it is possible that a 
more robust tracking implementation, including a use of a 



Frequency Lock Loop (FLL) would improve convergence 
performance.  
 
To solve this problem, we applied pulse blanking before 
sending the raw data into the acquisition module. Figure 
27 shows the acquisition results for E5a-I and E5a-Q 
channels. The integration time remains unchanged. This 
time, we see less noisy plots. The CPPR is increased from 
6 dB to 19 dB by the pulse blanking technique. The 
Doppler estimate is now -420 Hz.  
 

 
 

 
 

Figure 27. Acquisition plot of Galileo E5a-I and E5a-Q 
channels with pulse blanking 

 
Next, we initialize the tracking loops with the new code-
phase and Doppler estimates. The tracking results of E5b-
I and E5b-Q are shown in Figure 28 and 29 respectively.  
 
With pulse blanking technique, the PLL and DLL are 
locked. All tracking outputs converge, such as phase 
offset, code offset and Doppler frequency. The PLL and 
DLL discriminators settle within 100 msec.  
 
The Doppler frequency is locked at -450 Hz as shown in 
the lower-left plots in Figures 28 and 29. Recall that in the 
non-pulse-blanking case, the Doppler estimate from the 

acquisition module is -700 Hz, which is wrong by 250 Hz. 
This makes the DLL and PLL incorrectly lock onto -650 
Hz as shown in the lower-left plot in Figure 26, causing 
periodic large discriminator errors. 
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Figure 28. Tracking results of E5a-I channel with pulse 

blanking  
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Figure 29. Tracking results of E5a-Q channel with pulse 

blanking 
 
For brevity, we only show the acquisition and tracking 
results for E5a channel. The results for E5b are similar.  
 
The software receiver also outputs secondary codes for all 
channels as follows.  

• E5a-I, 20 bits 
[1 -1 -1 -1 -1 1 -1 -1 -1 -1 1 -1 1 1 1 -1 1 -1 -1 1] 

• E5a-Q, 100 bits 
[1 1 1 1 -1 1 1 1 1 -1 1 -1 1 -1 1 -1 1 1 -1 -1 1 -1     
1 1 1 1 1 -1 -1 -1 1 1 1 -1 -1 -1 -1 1 -1 -1 1 1 -1 -1 1 
1 -1 -1 -1 1 -1 1 1 -1 -1 -1 1 1 1 -1 1 1 1 -1 -1 -1 -1 
1 -1 -1 1 1 -1 1 1 -1 -1 -1 -1 1 -1 1 -1 1 1 -1 1 -1 -1 
1 -1 -1 1 -1 1 -1 1 1 1 1] 

• E5b-I, 4 bits 
[-1 -1 -1 1] 



• E5b-Q, 100 bits 
[1 -1 -1 -1 1 1 1 1 -1 1 1 -1 1 1 1 -1 -1 -1 -1 1 -1 1  
-1 1 -1  1 -1 -1 -1 -1 -1 1 -1 -1 -1 1 1 1 1 1 1 -1 1     
1 1 -1 -1 -1 1 1 -1 -1 1 -1 -1 1 1 -1 1 1 -1 -1 -1 1     
1 1 -1 -1 1 -1 -1 -1 -1 -1 1 1 1 1 1 1 -1 1 1 -1 1 1     
1 1 -1 1 1 -1 1 -1 -1 1 1 1 -1 1] 

 
CONCLUSION 
 
This paper decodes the Galileo E5 PRN sequences that 
are broadcast by the GIOVE-A satellite. Not only are the 
code bits obtained, but also the code generators have been 
derived. All codes, E5a-I, E5a-Q, E5b-I and E5b-Q, are 
proven to be truncated Gold Codes, and can be generated 
by linear feedback shift registers. The E5a-I and E5b-I 
codes carry secondary codes of 20 msec and 4 msec 
respectively; E5a-Q and E5b-Q have secondary codes of 
100 msec. A summary of the codes is listed in Table 5.  

 

 
Table 4. Summary of Galileo broadcast E5 codes 

 
We successfully acquire and track the GIOVE-A satellite 
by implementing E5 codes into our own software receiver. 
The approximately code phase and carrier frequency 
estimates are obtained through acquisition, and are used 
to initialize the code and carrier NCOs in tracking. The 
refined estimates of carrier frequency, carrier phase, and 
code phase are obtained through a succession of tracking 
modes. With no interference mitigation technique, the 
tracking loops do not converge in all cases; the tracking 
loops consistently converge when pulse blanking is 
applied to the raw data before the acquisition module. 
Therefore, interference mitigation is desirable and 
beneficial for Galileo E5 signals.  
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