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A Study on the Implementation and Performance Analysis of
FPGA Based Galileo E1 and E5 Signal Processing
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ABSTRACT

The key technologies of GNSS receiver for GNSS sensor station are under development as a part of a GNSS
ground station in ETRI. This paper presents the GNSS receiver implementation and signal processing result which is
implemented based on FPGA to process the Galileo E1 and E5 signal. To verify the working and performance for
GNSS receiver which is implemented based on FPGA, live signal received from GIOVE-B which is second test
satellite is used. We gather GIOVE-B signal by using prototyping antenna and RF/IF units including IF-component.
To verify Galileo E1 and E5 signal processing function from GIOVE-B, FPGA based signal processing module is
implemented as a prototyping hardware board.

planned to build the Galileo System in 1999 would

I. Introduction be put into operation. In addition, other countries
such as China(COMASS system), India(IRNSS
Recently, satellite navigation system becomes system) and Japan(QZSS system) are also
the most optimal, widely-used means for providing planning to build their own satellite navigation
navigation and positioning services with high systems which are covered the regional or global.
precision for all users at any place all the time. The positioning, velocity and timing service
Up to present, the U.S. Global Positioning provided by the satellite navigation systems have
System(GPS) and the Russian Global Navigation been used in many fields. It has great influences
Satellite System(GLONASS) have been built. on the corresponding industries, technology and
Around 2013, the Galileo System which was people living styles. The satellite navigation has
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become an important infrastructure just like
highways, water providing system and electric
system. ETRI involved in developing technologies
of related with GNSS ground sensor station from
2007 up to 2010. The system configuration which
will be researched and developed by ETRI is
shown in figure 1. The main purpose of the GNSS
ground sensor station is to develop the key
technologies such as high precision receiving
function of GPS/Galileo combined receiver unit for
a global navigation satellite system. The S/W
receiver includes the function of baseband
technology in the GNSS sensor station.

GPS Satellites GALILEO, &itellites
=) wo s

. . .~ Galileo E1,and E5a signals
GPSLL, L2C, L5 signals.,

¥

Wide Band
Antenna

Meteorological Data
Measurement

Automic Clock

Receiver
RF/IF Module

GPS/Galileo
Combined Receiver

Receiver
Signal Processing
Module

Power Supply

Fig.1 Block Diagram of GNSS Ground Sensor Station

The GNSS receiver can be process wide
bandwidth Galileo E1 and E5 signal. All of them
are capable of acquiring and tracking four or more
satellite signal simultaneously, thus allowing real
time positioning with a high performance PC, a
prototyping Front End and an analog to digital
conversion(ADC) card. The implemented receiver
is realized in C code and VHDL code to increase
performance for an standard PC running under
Windows and FPGA module. Real signals are
digitized by a National Instruments(NI) equipment
and prototyping ADC card which is connected to a
wide bandwidth.

II. GNSS Receiver Configuration

2.1. RF Front End Configuration

For the wide-bandwidth, Galileo E1 and E5
signal processing receiver front end, a low —IF
architecture has been chosen. Figure 2 shows the
functional block diagram of RF front end.

ANTENNA J—
j{ DIVIDER

RF/IF Converter (LZC)
(Including ADC)

REAF Converter (€50, L5) | ||
(Including ADC) )‘ I

RFAIF Converter (E1/L1)
(Ineluding ADC)

BaseBand Processor (GPS L1)

Antenna
Section RF/IF Section

Baseband Section

Fig. 2 Functional Block Diagram of RF Front End

Antenna unit consists of GNSS antenna and
low noise amplifier. RF/IF converter unit is
composed of diplexer, power divider, and RF/IF
converter including AD converter. The antenna
and low noise amplifier are operated in the
frequency range of 1.16 to 1.61 GHz. For instance,
the antenna unit can receive the minimum signal
of -130 dBm from GPS navigation satellites. The
antenna has been designed to be operated in the
hemispherical coverage. The structure of antenna
is a kind of conical spiral antenna as shown in
figure 3

Fig. 3 Antenna Hardware Configuration

The RF/IF block consists of Diplexer module,
power divider module, RF/IF converter module
and AD converter module. Each RF/IF converter
module for every navigation signal band has been
designed with the same configuration. The
differences as navigation signal band in the
configuration are the image filter, SAW filter, and
PLL(Phase Lock Loop).

ANTENNA

~-

~RFAF Converter (L2C) |0
POWER

DIVIDER ®

RFNF Converter (E5a/b, L5) 8]

% DIPLEXER H
= T-.._ RFAF Converter (L1) =

Antenna S
Unit RF/IF Converter

(a) RF/IF Functional Block Diagram
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(b)RF/IF Hardware Prototyping Configuration
Fig. 4 Block Diagram of Single Band RF/IF Converter
Block

The receiver is based on commercial parts and
consists of E5 front-end and ADC Board, FPGA
board ML 506, and PC workstation (Fig. 5). The
receiver provides raw code, phase measurements
and raw navigation messages. The DSP signal
acquisition and receiver control is programmed to
the PC workstation which also serves as a
terminal for displaying of the receiver status. The
wide throughput communication between PC
workstation and FPGA board is ensured by the
Ethernet interface.

RE part Xilinx kit PCB ML506

8 x E5 correlator

PC workstation
FFT signal acquisition
E5 Front-end & ADC 1 x SSB acquisition unit Terminal

PVT (not provided by CTU)

Tracking computer

Fig.5 Functional Test configuration for RF/IF Block

2.2. Baseband Configuration

Aupiion Slepley
Fomer | 7 'F""-"‘"‘“ Pawer
Trangtonm | ML _[orer Dcteclon
= L ¥ ransfm

PRN Coude Fourier
GBenGraton Transkurn

Lol
Ozcillsbor

Fig. 6 Block diagram of signal acquisition

The baseband consists of the signal acquisition
part and signal tracking part. The mission of signal
acquisition is to determine the visible satellite and
coarse values of carrier frequency and code
phase of the satellite signals. Code phase of first
output is the time alignment of the PRN code in
order to generate a local PRN code that is
perfectly aligned with the incoming signal. Second
output parameter is the carrier frequency, which
corresponds to the IF. To consider the Doppler
effects, the frequency can deviate up to 5kHz in
case of the stationary receiver. It is important to
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know the carrier frequency of the signal to be able
to generate a local carrier signal. The acquisition
block consists of the three blocks such as carrier
removal, acquisition by FFT and PRN code
generator as shown in figure 6 [1].

Tracking mode consists of the carrier tracking
and code tracking. The code tracking procedure is
required to maintain the very high level of
synchronization necessary to determine position
accurately. To do this, one must generate an error
signal to estimate the phase difference between
the PRN code in the received signal and locally
generate PRN code. The general signal tracking
processing flow is shown in figure 7.

Fig. 7 Block diagram of signal tracking

The tracking is running continuously to follow
the changes in frequency as a function of time. If
the receiver loses track of a satellte, a new
acquisition must be performed for that particular
satellite. The sate machine for signal acquisition
of receiver is based on the figure 8.

The signal tracking consists in having fixed
parameters of loops to use the figure 9. By using
the results of code and carrier loop, the bit
synchronization is fitted and data are
demodulated.

4>{ Wait Command }
isiti End isiti
Start or Restart Continue
Process
Process the
quisition Resull
NO
L > L Failed

Fig. 8 State machine of signal acquisition
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Loss of Lock

START
Synchro-bit : START
Data demodulation : OFF

Acquisition

Synchro-bit Success

CONTINUE
Synchro-bit : Done

Data demodulation : OD
Lock

Fig. 9 Simple flow diagram of tracking

Loss of Lock

To extract the navigation data, the C/A code and
the carrier wave can be removed from the signal,
only leaving the navigation data bits after properly
tracking the signal. The value of a data bit is found
by taking integration over a navigation bit period
of 20 msec. After reading about 30 sec of data,
the beginning of a subframe must be found in
order to find the time when the data was
transmitted from the satellite.

The signal processing board which is based on
FPGA(Field Programmable Gate Array) is shown
in figure 10.

Fig. 10 Signal Processing Board Configuration

II. Simulation and Test Results

E1 and E5 Signal processing module are
responsible for acquiring and tracking GIOVE-B
satellites. First, the algorithm performs a search
for satellites in view, or, if valid almanac
information and approximate receiver position and
time are available, estimates which satellites are
visible and attempts to acquire them. After
acquisition, the code phase and Doppler of each
acquired satellite are used to initialize the tracking
loops. These loops (carrier and code loops) are
updated continuously so that satellite and receiver
dynamics can be tracked.

1. Signal Acquisition

The function of signal acquisition is to find a
roughly estimate value of the PRN code phase
offset and carrier frequency. Signal acquisition is
essentially a two-dimensional search process in
which replica code and replica carriers are aligned
with the received signal. In the method of the
signal acquisition, it can largely be divided into
three methods with the serial search, parallel
frequency space search, and the parallel code
space search. It is advantageous to use the
parallel code space search algorithm in order to
be suitable for the S/W receiver, improve the TTFF,
and reduce the computational complexity [2]. The
parallel code search algorithm obtains the
correlation function value about all combinations
between the replica signal samples and the
digitized IF signal samples by using DFT. Instead
of multiplying the input signal with a PRN code
with 4092 for E1 signal and 10230 for E5 signal of
different code phases as done in the serial search
acquisition method, it is more convenient to make
a circular cross correlation between the IF
digitized input and local PRN code. The circular
cross correlation function between IF signal and
local PN code can be written as

29| =|1DFT (R ()- Re.(1))| =[IDFT (R (F)- Re()

where R, is discrete Fourier transform of local
PN code and is discrete Fourier transform of the
IF digitized signal. Fine frequency acquisition
block is used to obtain frequency resolution within
a few hertz. The carrier value can be found
through DFT or FFT and unit of about 10Hz. Since
navigation data is 20 ms or 20 C/A code,
maximum data length should be 10 ms. In this
paper, it will use that a data length of 4 ms for E1
and 1 msec for E5 signal for the acquisition
algorithms is applied each other. 4ms
corresponds exactly to the length of one complete
C/A code, so it simplifies the algorithm. Fig. 11
shows the results of signal acquisition for Galileo
E1 signal which described in the code phase and
carrier frequency. In this figure, x axis represents
the code phase which use the chip as a unit, y
axis represents the Doppler frequency which uses
the MHz as a unit and z axis represents
magnitude which means the peak power of
correlation.
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Fig.11 Signal Acquisition Results for Galileo E1

The signal acquisition of the Galileo E5 signal is
a key problem in the receiver design. The
classical sequential search algorithms widely
used on GPS L1 frequency are highly time
demanding tasks. The acquisition time of the E5
signal by sequential algorithm is in range of tens
minutes, which is fully impractical. The alternative
solution of the acquisition problem is a DSP
acquisition which is based on parallel computation
of the cross correlation function between received
signal and replica and its maximum search in a
computer or DSP. The DSP acquisition of E5
signal is very computation cost demanding task
because of relatively high PRN chip rate, long E5
PRN codes, and required high processing gain.
The proposed acquisition method utilizes only one
E5a or E5b signal component because of
significant reduction of the sampling frequency of
such signal and less memory requirement and
lower computation cost.

The algorithm of the signal parameters
estimation runs in a PC workstation because of
required computation power and memory space.
The first step of the acquisition algorithm is a
replica generation and its transform to the
frequency domain. As a example, primary code
generation algorithms is shown in figure 12.

The order of the codes is reversed to allow
usage of convolution instead of correlation. The
code length is 10230 bits, therefore it must be
resampled to length=18667 according to
considered sampling frequency. The code is split
to 19 segments. Each of them has length 1024
samples (the last segment is zero-padded to
obtain required length).

Each of the segments is zero-padded to double
length (2048 samples) and is converted to the
frequency domain. The preparation of the replica
spectrum can be executed before the snapshot is
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read. We can show here the results of the tests of
Initial acquisition block which are fully completed.

Primary ES
code generator

10230 bits
[1101001001010010110100100010100100711]
bits
reverse
[1110010010100010010110100101001001011]
resampling to 18667 bits
|1110010010100010010110100101001001011|
zero padding
[11100100101000100101101001010010010110000]
[i11001001]

01000100
zero|padding ~
to dquble length
|111001DD1DDDQ 000
j, @I

el[FFT] o mm
2048

. 10110000|

==, [/
[ — 2048
T “_Cn

Fig.12 Algorithm for the generation of the primary code

Complex Z
Mixer ’

resample 1/6

NCO
Phase.

i

¥

Controller.

Fig.13 Functional Block Diagram for Signal Acquisition

The Snapshot acquisition block serves for
capture of the received signal snapshots for FFT
acquisition purpose. The acquisition is executed
on only one signal component (E5a or E5b) of the
E5 signal for the sake of reduction of the
computation cost and snapshot memory size. The
received signalsl _8 7+ jsQ_8_7 is frequency
shifted in order to achieve the fall of appropriate
carrier frequency of the selected signal
component to the zero frequency. The sampling
rate of the signal is reduced by six. The block
diagram of snapshot acquisition block is in Fig. 13.
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The block saves signal sample to the external 32
bit memory of size 2'° (64 k) words. The snapshot
capture is controlled by the Start_Bool signal and
is synchronized to the TIC signal.

When we processed signals received on July,
2008 we obtained correlation function shown on
Fig. 14. As shown in figure 14, time offset shown
in x axis means the difference value between
input signal and replica code and the difference
value is located in around 1.8*10"4 samples.
Also on the y axis the correlation peak between
input signal and replica signal is shown and the
value has an about 8 dB.

Magnitude[dB]

1} D& 1 18 2 258
time offset [samples] Xm4

Fig.14 Correlation function of the GIOVE-B signal

2. Signal Tracking

Signal tracking is the process that a receiver
synchronizes the Galileo and GPS signal.
Tracking module can configure the loop
bandwidth, integration time, early-late chip
spacing and correlator’'s number to use for
tracking[4]. Applied parameters such as
integration time, discriminator type to get the
simulation result are shown in table 1.

Table 1. Simulation Conditions for Signal Tracking

late (L) codes [5]. To provide an input to the code
generator, the outputs of correlators should be
combined. To do that, the code phase of the
generated PRN code will be properly adjusted.

The input of code generator is computed
through normalized early minus late envelope
discriminator. The carrier tracking block of the
S/W receiver is implemented as a Costas PLL. A
PLL measures the carrier phase error and adjusts
the frequency of the local oscillator based on that
error. The input of local oscillator is computed
through arctangent discriminator because of its
high accuracy and insensitivity towards navigation
bit transitions.

The tracking results for Galileo E1 signal are
shown in figure 15. Although in case of Galileo E1
there are existed data channel and pilot channel,
only the tracking result of data channel is
described.

Dlscrete time Scatter Plot .

Bits of the navigation message

¥ E

kB
g B

0 Prompt
g * -

L

I prompt

. x
Time(s)
Raw PLL Discriminator I

Filtered PLL Dlscnmlna‘(or Raw DLL Dlst:nmlnator Flllere(l DLL Discriminator

r‘“mm

Tlme(s] ) Tlme(s) § Tlme(s) :

Fig. 15 Tracking Results of Galileo E1 Signal

3. Testing Result on FPGA Board

The tracking loops consist of a delay lock loop
(DLL) for tracking the code and a phase lock loop
(PLL) to track the carrier. The code tracking block
of the S/W receiver is implemented using the
method of Early-Late code tracking, that involves
correlation with three different generated codes
known as the early (E), the prompt (P), and the

Parameter Galileo E1 Galileo E5
Coherent 4 msec 1 msec The algorithm of signal acquisition and tracking
Integration Time should be porting on FPGA. The porting results of
Loop Type DLL/PLL DLL and PLL Galileo E5 signal are shown in figure 16.
DLL Discriminator Nomalized Nomalized
H H *1001100100111011111111100" *0010001101110010111000101" }
Type early minus early minus OBT: 1075750 [ 5 51 o 64867.64081 1197T98264.53 -3629.08 146599
envelope envelope "0001011010000010010000110 *1010111110011000000001 100" )
PLL Discriminator ooT: 1075875 5 51 0 64864.53107 11981380160 -3629.53 135511
Type Atan Atan "0000111110000111111010111™ *1011010100111001111110010" }
DLL/PLL Order 2nd/2nd 2nd /2nd 1003000000004 11000002117 1101001100041 101100013000% | .
DLL/PLL BW 5H2/15HZ 5HZ/10 HZ ooT: 1076125 [ 5 51 o E4858.302249 119845175.96 =-3626.58 122995
00000011100111100110211111% “1000100100011101001111000% }
1076224 5 64055.0170 110837560.76 -J626.16 173084 120797 U] Q 1]

o

Fig.16 FPGA porting results of Galileo E5 signal

In figure 16, each paragraph is the decoding
data results and means the information as
followings;
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OUT: TIC { CH No, PRN #, Flag, Pseudorange
[msec], Carrier Phase..}

Where, TIC is the reference local time. The
sequence inserted into brackets { ... } contain
output of n-th receiver channel (see 257! #=
AES IS F ¢glHFYT). The total number of
the channels is given by FPGA configuration.

*TIC: receiver time-base counter. Incrementing
rate is 1 250 per a second, period 800
microseconds.

«Stat : status of the channel

Status number | Status name | Description

Initialization state of receiver

CHST_CAL | SNR calibration (not-used)

0
1
2 CHRT_ACQ | Bignal acquisition

3 CHRT_VER | Verification of signal acquisition (not-used)
4

5

CHST_88B | Signal tracking based on 88B signal reception

CHRT_PLL | Final state, FLL, PLL, DLL loops are locked

esatlD: satellite identifiers such as Giove-A=51,
Giove-B=52

*flags: a hexadecimal number, reserved for
future extension

*PRG:pseudorange in milliseconds (it increases
as the satellite pseudorange is
increased)

*PHASE:carrier phase in cycles (it decreases
as the satellite pseudorange is
increased)

*DPRG :carrier frequency shift in Hz (positive
as the satellite pseudorange is
increased)

*POW: signal power or signal to noise ratio
(SNR)

«data_Eb5a-l : sequence of received E5a data
bits closed to the quotation marks
edata_E5b-l : sequence of received E5b data
bits closed to the quotation marks
To get the upper value, the commercial board is
used and at that time signal strength for Galileo

GIOVE-B is -127 dBm.

At -127 dBm signal strength, Code and carrier

phase for Galileo E5 signal are shown in figure 17.

In figure 17, x axis means the sample number of
code in upper and lower figure. Also In case of y
axis, upper figure means the pseudorange
deviation for Giove-A and B satellites and lower
figure means code phase deviation for Giove-A
and B satellites.
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Fig.17 Code and Carrier Phase deviation for Galileo E5
signal

In figure 17, blue color means the Giove-A,
samples number which is 7,169 and red color
means the Giove-B with 7,798 as a samples
number.

Based on the porting results, we can confirm
that the results implemented on the FPGA are the
same as those on the c-programming.

In case of Galileo E1 signal, the porting results
based on signal processing board with FPGA and
DSP is shown in figure 18. At that time, we
verify the carrier to noise between simulation
result with ¢ programming and test result with
porting on the FPGA.

Fig.18 Comparison between C programming result and
FPGA processing result

As shown in figure 18, we find the almost same
result between ¢ programming result and FGPA
processing result. At that time we use the four(4)
channel to compare the carrier to noise ration
each other. The level of carrier to noise got from
simulation and testing is around 37 dB-Hz.
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IV. Conclusions

In this paper, the wide-band antenna and RF/IF
components and SW signal processing unit to
cover the GPS/Galileo signals of GNSS receiver
for GNSS sensor station was presented. GNSS
receiver architecture and implementation results
for the FPGA based signal processing of Galileo
E1l channel and E5 channel are presented. By
using the FFT algorithm, the signal acquisition
algorithm could do the fast and exact signal
acquisition with a few data. Moreover, DLL and
PLL could be finely tracked by using the fine
acquisition. To get the IF sample data, we have to
use the RF-IF hardware prototype and receive
directly the RF signal from GIOVE-B which is
Galileo Test Satellite. The signal processing
results by using live GIOVE-B signal were
performed successfully by using prototyped
antenna, RF/IF, and baseband.

As a future work, we will make the detailed
design document of GNSS ground sensor station
and implement the FPGA based hardware GNSS
receiver. It can be used for GNSS sensor station
in the future.
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