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Abstract
The aim of this thesis is to investigate the possibility to form high resolution Synthetic
Aperture Radar (SAR) images using the Global Navigation Satellite System (GNSS)
Galileo, GPS and Glonas, In particular the thesis study the GPS signal and evaluate its
properties for bistatic case. The report is based on the fact that Galileo and GPS are both
positioning systems with similar characteristics. The difference is mainly that Galileo
System uses a larger number of satellites and a different modulation scheme to improve
the efficiency of the system, resulting in a better accuracy. On the topic of GNSS SAR,
the report will be described with modes, resolution, geometry and algorithms. It is also
explained the Space Surface Bi-static Radar and within two particular cases: parallel
and non parallel paths
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INTRODUCTION
Satellite navigation systems or GNSS (Global Navigation Satellite System), as generic
name, have been a revolution in navigation, geodesy, positioning and development of
applications in many different fields.
Until now, GPS (Global Positioning System), by the United States and the GLONAS
(Global Navigation Satellite System) in Russia, have been the essential systems, both
created under military premises therefore under their control.
These systems of navigation have improved their characteristics along the time to
guarantee the signal and increase the benefits through different systems as SBAS
(Satellite Based Augmentation System), the European EGNOS (European
Geostationary Navigation Overlay Service) or the MSAT (Mobile Satellite System for
Canada) but the improvements depended on the constellations. All of these systems are
part of the GNSS-1 of the present system.
The name of the next generation is GNSS-2 and it will be an improvement of the
systems nowadays. Galileo will form part of this generation.
In the following pages it will be described the basic concepts in GPS, the transmitter,
the receiver and the signal to generate in the simulation, the relationship between GPS
and Galileo system and how to obtain images of the earth using the navigation systems.
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1. WHAT IS GPS? SYSTEM
CONCEPTS AND OVERVIEW.
The Global Positioning System (GPS) is a Global
Navigation Satellite System (GNSS) developed by the
United States Department of Defence. Originally it was
intended for military applications but it has been
available for civilian use since 1980.

1.1 COMPONENTS
The GPS system includes three parts:
segment. (Figure 1)

Space segment, control segment and user

Space segment

User

Monitor stations
Master control station
Ground antenna
Figure 1: The GPS system: Space segment, user segment and control segment.
1.1.1 SPACE SEGMENT
The space segment consists of a constellation of more than 24 Medium Earth Orbit
satellites distributed in six orbit planes, with four satellites in each plane.
The orbits are semi-circular, the eccentricity is less than 0.02, the semi-minor axis is
around 26000km with an inclination of 55 degrees and the period is almost 12 hours
(11h 58min 2sec). With this configuration every time and everywhere on the earth it is
possible to see at least four satellites that allow to compute positions in three
dimensions and time.
The functions of a satellite are kept itself in orbit, keeping the communication with the
control segment and sending the signals to the receivers.
The signal that the satellite broadcast identifies the satellite and provides the positioning
and also information about timing, ranging data, satellite status and corrected orbit
5

parameters of the satellite.
1.1.2 CONTROL SEGMENT
This part ensures that the satellites are working properly. The control segment consists
of five ground stations which functions are:
- Control and check the satellites constellation state and configuration.
- Predict the ephemerides and the behaviour of the satellites’ clocks.
- Keep the time scale of GPS.
- Update periodically the navigation message of each satellite.
The GPS control, consisting of four different ground stations, sends the space signals
that have to be transmitted to the satellites and monitors stations located around the
world (Ascension Island, Kwajalein, Hawaii, Colorado Springs and Diego Garcia). A
master station supervises all the operations in Colorado Springs.

England
Schriever AFB
NGA Monitor Station
Master Control Station

NGA Monitor Station

Kwajalein

Washington DC
NGA Monitor Station

Monitor Station

Baharain
NGA Monitor Station

Hawaii
Monitor Station

Equador
NGA Monitor Station

Ascension Island

Diego García

Monitor Station

Monitor Station

Australia
Argentina

NGA Monitor Station

NGA Monitor Station

Figure 2 Position of the monitor stations and the master control station

1.1.3 USER SEGMENT
The main function of the user segment is receiving the GPS signal from the
satellites, identifying the distances and solving the navigation equations to get its
coordination and precise time correctly.
To determine the position, the receiver gets at least three satellite signals and
combines the three distances to determine the position with geometric trilateration.

6

Figure 3 User segment scheme.

The signal uses two carriers: The civil frequency, L1 with 1 575.42 MHz that uses the
C/A code and the military frequency L2 with 1227.60 MHz that uses the P code.

1.2 GPS POSITIONING SERVICES
The GPS system provides two kinds of services that separate the civil and military use:
-The Standard Positioning service SPS is used to determinate civil positioning using
the C/A code in only one frequency.
-The Precise Positioning Service PPS is used to determinate positions with higher
accuracy in military services. This service uses the P code that is in two frequencies.
The use of the service is only allowed to authorized users.
In the following part it will be explained the performance of the GPS transmitter and
receiver.
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2.-TRANSMITTER AND RECEIVER STRUCTURE AND
PERFORMANCE
2.1 TRANSMITTER

Each satellite transmits on two L-band frequencies with a wavelength of around 19cm
in L1 and around 24cm in L2. These frequencies are derived from a fundamental
frequency, f0=10.23 MHz, with a relation of 154/120 generated by their atomic clocks
and with a stability of 10-13.
L1=154x10.23Mhz=1575.42Mhz
L2=120x10.23Mhz=1227.60Mhz
Both L1 and L2 bands with a bandwidth of 20.46 MHz, which allows transmission at a
chip rate of up to 10.23 MHz in each band. In addition, an intra-satellite communication
link is provided in the ultra high-frequency (UHF) band to communicate satellite
transmitter information.
As we can see in the equations below, P(Y) code and Data Navigation are transmitted in
both frequencies L1 and L2 whereas C/A code is only transmitted in L1.
L1= a1 x P(t) x D(t) x sin(f1x t + ӨP1) + a1 x C/A(t) x D(t) x cos (f1x t + Өc)
L2= a2 x P(t) x D(t) x sin(f2x t + ӨP2)

(1)
(2)

The following figure is the scheme of a GPS transmitter that contains the different
frequencies and modulations used to generate the signal.

Figure 4: GPS signal structure
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Backround noise

S(f)
16dB

C/A code
13 dB

P code

-10.23 Mhz

fc

10.23 Mhz

20.46 Mhz

Figure 5: Frequency allocation in GPS where it can be appreciate that the signal is
lower than the background noise.
Next, the explanation of the different codes used in the generation of the GPS signal.

2.1.2 C/A CODE GENERATION

Figure 6 MLS generator.
Random sequences can be generated using a maximum-length sequence (MLS)
generators, where the length of the MLS is Nmls= 2n-1 and the length of the shift register
is 10 for GPS (figure 6)
MLS code has good correlation properties but not so good cross-correlation properties.
In order to improve cross-correlation, two MLS generator are used to generate a called
Gold sequence, which has good cross-correlation properties.
The second MLS code is delayed to obtain different Gold codes, called PRN, pseudo
random noise code.
Technology: “Spread Spectrum Signal”
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The characteristic polynomials used with the two shift registers are given by:
P(1)= x10+x3+1
P(2)= x10+x9+x8+x6+x3+x2+1
These polynomials are primitive and irreducible. They define two sequences and
determine the feedback of shift registers of the C/A code generator. The individual
register stages are initialized with (1111111111) at a time instant called X1 epoch,
which is defined by the P code. Finally, the different C/A codes are synthesized by
using phase-shifted versions of the involved sequences.
ENCODER G1

+

CLOCK

G1(t)

1 2 3 4 5 6 7 8 9 10

G1 (t) G2 (t-niTc)

INITIALIZE

+

PUT
ALL
‘1’S

+

1 2 3 4 5 6 7 8 9 10

G2(t)

+
ENCODER G2

Figure 7: C/A code generator.
2.1.3 P(Y) CODE
Each Pi (t) pattern is the modulo-2 sum of two patterns clocked at 10.23 Mbps. These
patterns are X1 and X2. X1 is generated by the modulo-2 sum of the output of two 12stage registers, X1A and X1B, short cycled to 4092 and 4093 chips respectively. When
the X1A short cycles are counted to 3750, the X1 epoch is generated. The X1 epoch
occurs every 1.5 seconds after 15,345,000 chips of the X1 pattern have been generated.
The polynomials for X1A and X1B, as referenced to the shift register input, are:
X1A: 1 + X6 + X8 + X11 + X12
X1B: 1 + X1 + X2 + X5 + X8 + X9 + X10 + X11 + X12.
We can specify the state of each generator as a code vector that specifies the binary
sequence constant of each register.
(a) The vector is the binary state of each stage of the register.
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(b) The stage 12 value appears at the left followed by the values of the remaining states
in order of descending stage numbers
(c) The shift direction is from lower to higher stage number with stage 12 providing the
current output. This code vector convention represents the present output and 11 future
outputs in sequence.
Through this convention, at each X1 epoch, the X1A shift register is initialized as
001001001000 and the X1B shift register is initialized as 010101010100.
The first chip of the X1A sequence and the first chip of the X1B sequence are
simultaneously in the first chip interval of any X1 period. The 4095 chip cycles of these
generating sequences are shortened to cause precession of the X1B sequence with
respect to the X1A sequence during subsequent cycles of the X1A sequence in the X1
period.
Restart of the X1A shift register produces a 4092 chip sequence by omitting the last 3
chips (001) of the X1A sequence. Restart of the X1B shift register produces a 4093 chip
sequence by omitting the last 2 chips (01) of the X1B sequence.
This leads to the phase of the X1B sequence has less than one chip for each X1A cycle
in the X1 period. The X1 period is defined as the 3750 X1A cycles which is not an
integer number of X1B cycles. The X1B shift register is remained in the final state of its
3749th cycle. It is held in this state until the X1A shift register completes its 3750th
cycle. The final of the 3750th X1A cycle establishes the next X1 epoch which restart
both the X1A and X1B shift registers starting a new X1 cycle.
The X2i sequences are generated by first producing an X2 sequence and then delaying it
by a selected integer number of chips, i, being between 1 and 37. Each of the X2i
sequences is then modulo-2 added to the X1 sequence well producing up to 37 unique
P(t) sequences.
The X2A and X2B shift registers, used to generate X2, operate in a similar way to the
X1A and X1B shift registers. They are short-cycled, X2A to 4092 and X2B to 4093, so
that they have the same relative precession rate as the X1 shift registers. X2A epochs
are counted to include 3750 cycles and X2B remains in the last state at 3749 cycle until
X2A completes its 3750th cycle. The polynomials for X2A and X2B, as referenced to
the shift register input, are:
X2A: 1 + X1 + X3 + X4 + X5 + X7 + X8 + X9 + X10 + X11 + X12, and
X2B: 1 + X2 + X3 + X4 + X8 + X9 + X12.
(The initialization vector for X2A is 100100100101 and for X2B are 010101010100).
The X2A and X2B epochs are made to process with respect to the X1A and X1B
epochs by causing the X2 period to be 37 chips longer than the X1 period.
When the X2A is in the last state of its 3750th cycle and X2B is in the last state of its
3749th cycle, their transitions to their respective initial states are delayed by 37 chips
time durations. At the beginning of the GPS week, X1A, X1B, X2A and X2B shift
registers are initialized to produce the first chip of the week. The precession of the shift
registers with respect to X1A continues until the last X1A period of the GPS week
interval. During this particular X1A period, X1B, X2A and X2B are held when reaching
the last state of their respective cycles until that X1A cycle is completed. At this point,
all four shift registers are initialized and provide the first chip of the new week.
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POLYNOMIAL X1A 1+x6+x8+x11+z12

Stage number/Initial conditions
+

Clock

Output
1/0 2/0 3/0 4/1 5/0 6/0 7/1 8/0 9/0 10/1 11/0 12/0
SHIFT DIRECTION

Figure 8: MLS of X1A.
Stage number/Initial conditions

POLYNOMIAL X1B 1+x1+x2+x5+z8+x9+x10+x11+z12
+

Clock

Output
1/0 2/0 3/1 4/0 5/1 6/0 7/1 8/0 9/1 10/0 11/1 12/0
SHIFT DIRECTION

Figure 9: MLS of X1B.

Stage number/Initial conditions

POLYNOMIAL X2A 1+x1+x3+x4+x5+z7+z8+x9+x10+x11+z12

+

Clock

Output
1/1 2/0 3/1 4/0 5/0 6/1 7/1 8/0 9/0 10/0 11/0 12/1
SHIFT DIRECTION

Figure 10: MLS of X2A.
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Stage number/Initial conditions

POLYNOMIAL X2B 1 +x2+x3+z4+x8+x9
+

Clock

Output
1/0 2/0 3/1 4/0 5/1 6/0 7/1 8/0 9/1 10/0 11/1 12/0
SHIFT DIRECTION

Figure 11: MLS of X2B.
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Figure 12: P(Y) code generator
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Figure 13: P-code signal component timing

2.1.4 DATA NAVIGATION
Every satellite receives a message from the master control station that contains
information about the orbital parameters, state of the clock and another temporal data.
This information is sent to the user through the data navigation.

Figure 14: Data navigation composition.
Data navigation is modulated on both carriers with a rate of 50bps. The whole message
has 25 frames which takes 12,5 minutes to be transmitted. Each frame is 5 subframes (6
seconds), these subframes are 10 words each one and each word is 30 bits. (Figure 14)
Each sub frame starts with the telemetry word (TLM) that is necessary for the
synchronism. Below, it appears the transfer word (HOW), that allows a quick
commutation from C/A code to P code.
The content of each sub frame is:
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•

Subframe 1: It contains information about the parameters of the clock state.
These values are coefficients that allow the transformation between aboard time
and GPS time. It also has data about satellite conditions and the age of the
messages.

•

Subframes 2 and 3: These subframes have the ephemerides satellite

•

Subframe 4: In this one there are parameters about the ionosphere model in
order to correct the ionosphere refraction, information UTC (Universal Time
Coordinated), part of the almanac and indications about Anti-Spoofing, if it is
activated or not. Anti-Spoofing transform the P code in the encrypted Y code.

•

Subframe 5: It contains data from the almanac and the state of the constellation.
This allows a quick identification of the satellites where the signal comes from.
25 frames are needed to complete the almanac.

SEGMENT
SPACIAL

CONTROL

INPUT
Data navigation

FUNCTION
Provide an atomic
time scale

PRODUCT
RF pseudorandom
signals

Commands

Generate pseudo
code signals

Data navigation

Store and deliver
data navigation
Calibrate the time
scale, predict
ephemerides

Telemetry

Keep the space
segment active

Commands

Solve navigation
equations

Position
Rate

RF pseudorandom
signals
Telemetry

USER

UTC
RF pseudorandom
signals
Data navigation

Data navigation

Time

Table 1: Input and output data and the functions of the segments in GPS.
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2.2 RECEIVER

Control software

RF

A/D
converter

front-end

Acquisition

Analogue RF and IF hardware

Hardware correlators or
software correlators

RF signal
Conditioned IF signal
or RF signal

1. Code
tracking

2. Carrier
tracking

Position
calculation

RF channel

Software: nav.data dec,
pseudoranges, position

.

Digitized RF signal

Properties of
detected signals

3. Bit
synchronitation

4. Decode
nav.data

5. Calculate
satellite position

6. Calculate
pseudorange

Figure 15: Scheme of GPS receiver
First of all, the signal is received by the antenna and in the first two stages it goes
through RF front-end and A/D converter; the signal is prepared for processing.
The signal received by the antenna goes through a band-pass filter to remove out of the
band signals. Prior to the process in the mixer, the signal is amplified and passed
through a second filter in order to avoid the harmonics.
The signal (fc) is mixed with a local oscillator (fo) and fc+fo and fc-fo are obtained. In
order to obtain the lowest frequency, a low pass filter is applied. At the end the signal is
amplified.
A scheme of this part is shown below:
fc+fo
fc-fo

fc

fc-fo

fo

O.P

O.L

Figure 16 Processing of the signal in the receiver.
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In the signal processing stage a phase and frequency synchronization of satellite and
receiver is carried out, as well as the synchronization between PRN codes and the codes
generated internally.
Because of the values of power received by the receiver in the surface of earth are less
than the noise level, correlation techniques are used to detect the signal. Both
correlation in frequency and correlation in code are necessary.
Following it will be explained specifically one of the techniques since it corresponds
with the procedure applied in this project, by means of simulations with MATLAB.
A technique used in receivers only capturing L1 and working with the C/A code is
discussed here,. The received signal is:
n

L1 (t ) = ∑ Li ⋅ ci (t ) ⋅ α i (t ) ⋅ cos( wi ⋅ t + θ i )

(3)

i =1

This signal is correlated with a phase modulated and shifted
C(τ) Æ c p (τ ) ⋅ cos( w p ⋅ t + θ p ) ”p” is the followed satellite.
The result is:
n

[

L1 (t ) = ∑ Li ⋅ ci (t ) ⋅ c(τ ) ⋅ α i (t ) ⋅ cos ( wi − w p ) ⋅ t + θ i − θ p
i =1

]

(4)

If wp≠wi the result is zero, wp has to be varied to obtain wp=wi and it will yield a
constant amplitude signal. Simultaneously C(τ) is shifted to match with C(t). This
synchronism is made in two stages. The first one is called acquisition; its aim is to get a
coarse alignment between the input signal code and the copy. Once the pseudo random
sequence has been acquired, it starts the second stage that is called monitoring. In this
stage the aim is to hold a fine alignment between both codes, using a loop and the
synchronism between the local receiver carrier and the received signal carrier is
achieved, as well as the synchronism of the pseudo random code, C/A code, of the input
signal with a local copy generated and it is keep track. Next, the navigation data bits are
obtained after finding the bit boundaries. With this the beginning of a sub-frame is
found, and the data navigation is decoded.
At the end, it is calculated the data cutover using the data navigation and the parity
errors, determinate the satellite position, the relativistic correction term and the
pseudorange.
In the last block it is calculated the position and it is updated the satellites elevations.
A normal GPS receiver has 12-16 correlations working in parallel; each one uses the
PRN code of a specific satellite. The basic idea is that the correlation between a PRN
code and any other, including the same code shift, is minimal. The correlation only gets
a maximum when it is compared the code with itself as we have already commented.
The modulation of each signal with different PRN permits to send multiple signals on
18

the same frequency. When the signals are received, it is used a particular PRN code and
it is got the signal with that code and the others almost disappear. That particular code is
known by the time, the approximate position of the receptor, and a recent idea of the
constellation.
PRN means Pseudo Random Noise. It is similar to noise and pseudo. That is because it
is not really random it is got from a formula.
A good PRN code has different properties: minimal cross correlation and it is easy to
generate, compact representation, synchronization is more difficult.

C(τ) = C(t).

Threshold
Secondary lobes level
t

C(τ) ≠ C(t).

Threshold
t

Figure 17: Results of the correlation of a PRN code with itself and with a different one
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3.-CORRELATION PROPERTIES
3.1 CROSS-CORRELATION
When we study the cross-correlation, we are studying the similarity between two
signals. In this way we can find characteristics of an unknown signal thanks the
comparison with another known signal.
Given two discrete functions fi and gi, we can define cross-correlation as:
( f ∗ g ) = ∑ f j *g i + j

(5)

j

If they are two continuous functions, we can define cross-correlation as:
( f ∗ g )( x ) = ∫ f * (t ) g ( x + t ) dt

(6)

3.2 AUTOCORRELATION
In signal processing, if we have a signal in the time domain f(t), the continuous
autocorrelation Rf(t) is the cross-correlation of f(t) with itself after a change in its
phase. It is defined as:
R f (τ ) = f * ( −τ ) o f (τ ) =

∞

∫

f (t + τ ) f * (t ) dt =

−∞

∞

∫ f (t ) f * (t − τ )dt

−∞

The discrete autocorrelation R at lag, j for a discrete signal xn is
R xx ( j ) = ∑ ( x n x n − j )
n

(7)

(8)

Properties for the one-dimensional autocorrelation
•
•
•
•

Symmetry
The autocorrelation function gets a maximum in the origin, where it gets a real
value.
The autocorrelation of a periodic function is, itself, periodic with the very same
period.
The autocorrelation is a specific type of cross-correlation therefore it maintains
all the properties of cross-correlation
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•

Wiener-Khinchin theorem: the autocorrelation function is the inverse transform
of Fourier of the spectrum density.
R (τ ) =

∞

∫ S ( f )e

j 2πfτ

df

(9)

−∞

•

As well as the spectrum is related with the autocorrelation function.
∞

S( f ) =

∫ R(τ )e

− 2 jπfτ

df

(10)
We can write the signal indistinctively in the time domain or in the frequency domain
thank to this correspondence between then.
−∞

4.-GALILEO
4.1 THE GALILEO SYSTEM
Galileo is a Global Navigation Satellite System initiative of the European Space Agency
(ESA) and the European Commission (EC) to provide an independent satellite
navigation system to Europe and the different countries involved which is specifically
designed for civil use. The idea is to provide availability, accuracy, integrity and
guarantee of the position, time and search and rescue services among others. It will
provide interoperability with others Navigation Satellite Systems (GNSS) as GPS and
GLONASS.
Galileo is a modern system that has more number of signals, wider bandwidth, new
modulation formats, scattered codes and better spectral isolation than other Navigation
Satellite Systems.
Galileo consist of a constellation of 30 satellites in medium earth orbit (MEO)
denominated Walker 27/3/1 constellation in three different planes, with nine operational
satellites and one free satellite in each plane. The altitude is 23 222 km and the orbital
inclination is 56º while in GPS the altitude is 20 200 km and the orbital inclination 55º.
The inclination has been chosen to ensure coverage of the polar latitudes not good with
GPS.
One revolution of the satellites takes 14 hours and 4 min.

4.2 GALILEO SIGNAL AND FREQUENCY
The frequencies used in Galileo are between 1164-1610 MHz. The band E5a and E5b
between 1164-1215 MHz, E6 between 1215-1300 MHz and E2-L1-E1 between 15591592 MHz .
The band E5a and L1 are the same in GPS and Galileo allowing compatibility and
interoperability of both systems.
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Each satellite broadcasts ten different signals (4 in E6, 3 in E5 and 3 in L1) providing
the following services: The Open Service (OS), The Safety of Life Service (SoL), The
Commercial Service (CS), The Public Regulated Service (PRS), The Search and Rescue
Service (SAR) described below.
There are two different signals, data and pilot channels, the last one, without data. They
are separated by 90 degrees to make easier the separation at the receiver.
All satellites use the same frequencies making use of Code Division Multiple Access
(CDMA) compatible with GPS.
To identify the satellite and calculate the distance and time there are different codes
with different length. A long code will receive weak signals such as vehicles and
buildings while the short code is for a quick outdoors acquisition.
The modulation used is BPSK (Binary Phase Shift Keying) and BOC(1,1)-Binary
Offset Carrier of rate (1,1). The modulation BOC is used to reduce the signal overlap
with GPS because in BOC the energy is not allocated around the subcarrier frequency.
BOC(n, m) is a kind of modulation that consist of applying a squared subcarrier to a
signal modulated with BPSK where m is the chip rate and n the subcarrier frequency,
both multiples of 1023MHz
Below there is an example

BOC(1,1)

BPSK(1)
Rc=1Mcps

1

1

0

1

Fsc=1Mcps

BOC(15,2.5)
BPSK(2.5)
Rc=2.5 Mcps

1

1

0 1

Fsc=15 Mcps

Figure 18: Picture with two examples of BOC modulation.
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Figure 19: Galileo frequency spectrum.
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Carrier
BOC
PRN code
Data
Modulated signal
Fig 20: Representation of the components in the BOC signal.

4.3 Galileo services.
There is a wide range of users to satisfy therefore there are four navigation services and
a service of Search and Rescue operations combining the Galileo´s signals.
- The Open Service (OS) It transmitted on the E5a, E5b and E2-L1-E1 carrier
frequencies. In this service, it is possible the combination of open signals, free of user
charge and it is competitive with other GNSS systems.
- The Safety of Life Service (SoL) It provides timely warnings when the system fails,
It improves the accuracy in the open service.
- The Commercial Service (CS) It is transmitted on the E5b, E6 and E2-L1- E1 carrier
frequencies. The service provides access to two additional signals in the band of
1278.75 MHz, to allow a higher data rate throughput and to enable users to improve the
accuracy. It is envisaged that a guaranteed service will be provided.
-The Public Regulated Service (PRS) It is transmitted on E6 and L1 carrier
frequencies.
This service has been designed to provide continuity of service and controlled access.
Two PRS navigation signals in 1575.42 MHZ and 1278.75 MHz with encrypted ranging
codes and data will be available. It will require a scheme of access control.
-The Search and Rescue Service (SAR) It is based on the reception of a help signal
request. The signals are received by the satellite at the frequency of 406 MHz (UHF)
and they are transmitted in 1544 MHz, to an earth station. These signals go towards
search and rescue supportive centres. The performance is enhanced by the international
use of the COSPAS-SARSAT system of Search and Rescue.
There is a scheme with the services in Galileo and their differences and resemblances
with the GPS system below.
The services and the quality in GPS are similar in the Open Service (OS) and in the
Commercial Service (CS). The Galileo system provides a higher number of services to
cover the different requirements of the users.
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Scheme of the Galileo services and its characteristics.

In conclusion, the most important advantages in Galileo are listed below:
- Independence from the American system.
- Galileo system has been design as a civil system with all the security requirements.
- The technology in Galileo has been based on GPS therefore it has more accuracy. That
is because of the new constellation of satellites, the earth control and the system control
plan.
- Galileo is more reliable because it has a signal call “integrity message” that informs
immediately the user if there is any error.
- Places in extreme latitudes can receive the signals.
- The Galileo service has been conceived as a public service to guarantee the continuity
of service.
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5.-SYNTHETIC APERTURE RADAR (SAR)
Radio Detection and Ranging (Radar) is a device to locate and determine the distance
between to different objects. It was discovered during the World War II and its
performance is based on transmitting a pulse and measure the time of propagation. The
distance calculated by means of time and the velocity of propagation. The estimated by
the antenna directivity.
Then it was discovered that the Doppler shift could be used to get a good resolution in
the perpendicular direction of the beam and that two dimensional high resolution
images could be generated.
SAR is a coherent RADAR system to generate high resolution images. Its performance
is based on transmitting microwave signals and receiving the reflected signals to
generate the image. The SAR is installed in planes and space platforms and is used to
get the image of the earth surface even in bad atmospheric conditions. The frequencies
used allow no dependence of the sun light, the clouds, the snow or the rain because it is
usually transparent. And it is possible to penetrate vegetation and land. SAR is very
sensitive to roughness, wind and humidity.
In SAR there is a big antenna synthesized through the composition of successive and a
coherent signal received as echoes from the signals transmitted by a smaller antenna
along its flight track. The signal processing uses the magnitude and phase of the
received signal of the different pulses in order to create the image. With the movement
of the antenna or real aperture through the different positions along the flight track the
synthetic aperture is made as it is shown in the 22 figure. The phase sensitivity is a very
important parameter in SAR processing to obtain a focused image.

.
Figure 21: Processing of the signal along the flight track.
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Figure 22: SAR performance.
In order to get a good quality image in SAR is necessary to know with accuracy the
precise knowledge of the motion between the objects and the platform where the SAR is
placed because this is the first cause of the Doppler variation. For each point in the
image the SAR processing matches its Doppler frequency.
The Doppler Effect consists of the wavelength variation of any signal emitted or
received by a object in movement. Using this effect it is possible to study the movement
of a target with the changes of the lengthwave of the return signal, define if the object is
closer or further and its velocity.

5.1 DIFFERENT MODES OF SAR OPERATION
There are different modes of operation in SAR, different systems and the same system
with different modes:
- Stripmap SAR: The direction of the antenna is fixed in the platform. The
azimuth resolution is limited by the length of the antenna.
- ScanSAR: The range is scanned by the antenna several times during a synthetic
aperture being the difference with the last system. The swath is bigger but the
resolution lower.
- Spotlight SAR: The resolution is improved through a beam steering to the
scene. Only one spot is imaged at time and the coverage is not contiguous.
- Inverse SAR: In this case the target is in movement and the SAR system
stationary
- Bistatic SAR: In the monostatic case there is a single antenna for transmitting
and receiving the echoes. In the bistatic case the antennas for transmitting and
receiving the signals are separated in different places.
- Interferometric SAR (InSAR): In this case, the displacement from the complex
images and the terrains height are obtained using a post-processing”. The
displacement from the complex images and the terrain height.
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5.2 SAR RESOLUTION
Resolution is one of the most important characteristics in the images; it is the minimum
distance at which two different objects can be identified.
The resolution in the range is determined by pulse bandwidth therefore pulse
compression techniques are necessary. To obtain a good resolution in azimuth direction
it is needed to recognize the Doppler shifts to separate the energy. This involves the
term “synthetic aperture” and a difference with other systems, the shorter antenna the
better azimuth. The very long synthetic aperture antenna in SAR provides a fine
resolution in the azimuth direction of the image. The SAR resolution in azimuth is
approximately one-half the antenna length.

5.3 SIGNAL-TO-NOISE RATIO SNR
It is expressed the received power as a function of the range to the scattered, the
transmitted power and the number of systems and scattered variables.
SNR is proportional to 1/R3 for a SAR system while for conventional radar systems
SNR is proportional to 1/R4. SAR process consists of the integration of energy in the
azimuth with a length proportional to range, removing in this way one of R terms.

5.4 RANGE CELL MIGRATION
There are many different algorithms in SAR processing. In this work we have selected
one of them, called Range Doppler Algorithm (RDA).
The change in range creates a Doppler shift and also “range cell migration” (RCM) a
phenomenon that complicates the SAR processing.
The echoes are received and saved in memory in different cells. This process is made in
two different dimensions: azimuth and range. The separation is simple when the energy
does not change in range too much over the course of the synthetic aperture. If the
change in range is bigger than a sample or cell, the RCM is significant and the operation
to correct this effect is call “range cell migration correction”(RCMC), a phenomenon
associated to the RDA algorithm.
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5.5 SAR GEOMETRY
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Figure 23: Scheme of the geometry in SAR.
The SAR system is placed on a mobile platform that is moving at high h with a constant
velocity VSAR. In connection to SAR there is some concepts that must be defined:
-Target: Is the part of the surface that has to be represented.
-Beam footprint: Is the part illuminated by the radar beam where the image is formed.
- Swath is the width of the earth view by the antenna in the satellite.
- Near / Far angle are the near and the further inclination angles illuminate by the
swath.
- Look angle (Φ) is the angle of the antenna that illuminates the earth surface.
- Range direction satellite to target.
- Slant Range is the distance from the satellite to the target.
- Ground Range is the projection of Slant Range in the Earth's Surface
- Incidence Angle (θ) is the angle between the normal vector of the earth surface and
the Slant Range.
- Nadir is the satellite projection on the earth.
- Range of closest approach Ro: When the zero Doppler line crosses the target.
- Position of closest approach: The position when the radar is closest to the target. The
target can not been illuminated because of the squint.
- Zero Doppler time: The time of closest approach.
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5.6 THE RANGE DOPPLER ALGORITHM (RDA)
RDA was the first algorithm used in the SAR digital processing and it is still
widespread.
It uses frequency operations in range and azimuth but all the operations are made in one
dimension.
The main characteristic in RDA is the RCMC operation. It is done in the azimuth
frequency domain and in the range time. This domain is called “range Doppler” and
because of that the algorithm is call the range Doppler algorithm.
5.6.1 ALGORITHM OVERVIEW
In the next paragraph the basic steps in RDA will be explained.
First of all, RDA is the Range Compression and it is done by a range FFT followed by
range matched filter multiply and a range IFFT to back to time domain.
Secondly, an Azimuth FFT. In this part the data is transformed into the range Doppler
domain, where the Doppler centroid is estimated and most of the subsequent operations
are made.
Thirdly, RCMC, in this step the trajectories at the same range are transformed into one
trajectory. The performance in this step is in the range Doppler domain. Azimuth
matched filtering can be conveniently performed as a frequency domain matched filter
multiply at each range gate.
Finally, the data is transformed into the time domain and the result is a compressed
complex image.
These steps suited for the case of short aperture lengths and relatively small squint
angles, the option 2 and 3 are two examples of variants of the RDA with SRC
(secondary range compression) that is an additional step applied to correct for
range/azimuth coupling of the target’s phase history.
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Figure 24: RDA algorithm steps.
Some other algorithms are the chirp scaling algorithm (CSA), The Omega-K Algorithm
and the SPECAN algorithm.
Above there is an overview about SAR and its main characteristics. From this point,
two examples of SAR that use RDA. The first case develops the case where the paths of
the transmitter and receiver are parallels while the second one studies the non- parallel
movement.
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5.7 SS-BSAR
The SS-BSAR ( Space-Surface Bistatic SAR) is a subclass of the BSAR and BSAR is a
subclass of SAR.
5.71 PARALLEL PATHS SS-BSAR
In the following paragraphs, it will be detailed a modification of the standard rangeDoppler algorithm for the case where the transmitter and receiver have parallel flight
paths and unequal velocities. For this case, it has to be known the transmitter position at
every time or the receiver has received the direct signal from the satellite, the
transmitter-to-target range is much longer than the receiver-to-target range and the
satellite’s orbit is supposed to be a straight line.
In this case, the transmitter is in a space borne using the GLONASS satellites and the
receiver in an aircraft.
Below there is a scheme of the SS-BSAR system geometry in 2-dimensions.

Figure 25: Scheme of the system in 2-D.
In the figure 24 the target is in (xta,yta) position in the right side. The origin of the
coordinate system is the midpoint in the receiver’s synthetic aperture. The receiver path
is in the direction of coordinate y or u, with a position specified by coordinates (0, VRu).
The transmitter in parallel flight in the coordinates (xc,VTu) where VT and VR are the
velocity of the transmitter and the receiver respectively.
RT(u) and RR(u) are the instantaneous transmitter to target range and the receiver to
target range.
The u-axis is also called azimuth time or slow time and the x-axis range time or fast
time.
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The dwell time tdw is an important parameter and it is the azimuth time interval over
which a target stays within the 3-dB level of the azimuth beamwidth of the SAR
antenna. This parameter is closely associated with the system´s azimuth resolution and
the azimuth extent of the image scene. Hence, a target at azimuth time uta is “seen” by
the receiver during the azimuth time interval that is between uta ± (tdw/2). During this
time the transmitter and receiver to target range are:

RT (u ) = ( xta − xc ) 2 + (VR u ta − u ) 2

( 11)

2

RR (u ) = xta + VR (u ta − u ) 2

(12)

And the signal after baseband demodulation
R + RR (u ) ⎤
⎡ R (u ) + RR (u ) ⎤
⎡
s (t , u ) = p ⎢t − T
a (u − u ta ) × exp ⎢− j 2Πfc T
⎥
⎥
c
c
⎣
⎦
⎣
⎦

(13)

5.7.1 IMAGE FORMATION ALGORITHM DESCRIPTION
The RDA uses Taylor-series expansion as parabolic approximation in the instantaneous
range equation. The Taylor approximation is made around u=uta and for the particular
case mentioned is enough three terms in RT(u) but in case of RR(u) it needs five. In this
way, there is not limitation on the range resolution of the system.

RT (u ) ≈ RT (u ta ) + R'T (u ta )(u − u ta ) +

RT ' ' (u ta )
(u − u ta ) 2
2

(14)
4

R ' ' (u ta )
V
(u − u ta ) 2 + R 3 (u − u ta ) 4
RR (u ) ≈ RR (u ta ) + R' R (u ta )(u − u ta ) + R
2
8 xta

(15)

Where

RT (u ta ) = ( xta − xc ) 2 + (VR − VT ) 2 u ta
R R (u ) = xta

R'T (u ta ) =

R' R (u ) = 0

2

(16)
(17)

(VT − V R )
VT u ta
RT (u ta )

(18)
(19)
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f uc = −

(20)

1

R 'T (u ta )
λc
2
[R ' (u )]2
VT
R ' 'T (u ta ) =
− T ta
RT (u ta )
RT (u ta )

(21)
2

V
R ' ' R (u ta ) = R .
xta

(22)
Ka =

1

λ

[R ' 'T (uta ) + R ' ' (uta )]

(23)

The last term in (15) is the fifth term, the fourth term is cero. The equations (16) and
(17) are the range azimuth at uta. The equations (18) and (19) are derived from the first
term and associated to Doppler centroid (20). The equations (21) and (22) are associated
to the LFM (linear frequency modulation (23).
Below there is a block diagram of proposed SS-BSAR algorithm for this case. It is
similar to the standard RDA. In the following paragraphs it will be explained.
Range

Received
Received
Compression
signal
signal

Azimuth
FFT

RCM
Correction

Range
IFFT

Azimuth
Compression

Azimuth
:
IFFT

The first step is the range compression: the only difference between this and the
monostatic RDA is that a reference signal is chosen and it is this direct signal received
from the satellite at each azimuth-time position of the receiver instead of the range FFT
of a replica of the signal transmitted at each azimuth-time position of the radar platform.
RB(u) is the instantaneous transmitter to receiver range.
There are two reasons to choose RB, the first one is that in near areas the Doppler
centroid and the azimuth phase modulation is almost remove. If medium range
resolution systems are used part of the RCM is also removed therefore it is not needed
a second RCM correction. The second reason is that the bistatic receivers use to have
two antennas, one to receive the backscattered and the other one, to receive the direct
signal, that is usually used for synchronisation but it can be also used for this propose.
The process is the following: first of all, the signal in the range-time and azimuth time
domain is converted into azimuth-time-domain and in the range frequency by FFT in
the range dimension, ‘range FFT’. Next, the signal is multiplied by a complex conjugate
of a reference signal and after that the signal is converted by IFFT.
Following there is the reference signal (24), the instantaneous transmitter to receiver
range (25) and its Taylor series expansion around uta (26), with the three first terms (27),
(28), (29).
R (u ) ⎤
⎡ R (u ) ⎤
⎡
s 0 (t , u ) = p ⎢t − B ⎥ exp ⎢− j 2Π f c B ⎥
c ⎦
c ⎦
⎣
⎣

(24)
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Image

2

RB (u ) = xc + (VT − VR ) 2 u 2

(25)

RB (u ) ≈ RB (u ta ) + R' B (u ta )(u − u ta ) +

RB ' ' (u ta )
(u − u ta ) 2
2

(26)

where
2

RB (u ta ) = xc + (VT − VR ) 2 uta

2

(27)

(VT − V R ) 2
RB ' (u ta ) =
u ta
RT (u ta )

(28)

(VT − V R ) 2 [R ' B (u ta )]
R ' ' B (u ta ) =
−
R B (u ta )
R B (u ta )

2

(29)

Below the receiver (13) and reference (24) signals after FFT.

R (u ) + RR (u ) ⎤
R (u ) + RR (u ) ⎤
⎡
⎡
s ( f , u ) = P( f ) exp ⎢− j 2Π f T
a (u − u ta ) × exp ⎢− j 2Πf T
⎥
⎥
c
c
⎣
⎦
⎣
⎦ (30)

R (u )) ⎤
R (u ) ⎤
⎡
⎡
s ( f , u ) = P( f ) exp ⎢− j 2Πf B
exp ⎢− j 2Πf B ⎥
⎥
c ⎦
c ⎦
⎣
⎣

(31)

Following the matched filtering operation.
R (u ) + RR (u ) − RB (u ) ⎤
⎡
F ( f , u ) = s ( f , u ) × s 0 * ( f , u ) = P( f ) a (u − u ta ) × exp ⎢− j 2Π ( f + f c ) T
⎥
c
⎣
⎦
(32)
After range IFFT:
R(u ) ⎤
⎡ R(u ) ⎤
⎡
F ( f , u ) = R x ⎢t −
a(u − u ta ) × exp⎢− j 2Πfc
⎥
c ⎦
c ⎥⎦
⎣
⎣

(33)

Rx(*) is the cross-correlation and R(u)=RT(u)+RR(u)-RB(u)
After the range compression there is new Doppler centroid (34) and a new chip rate
(35).
f ' uc = −

1

λc

[R 'T (u ta ) − R ' B (u ta )]
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(34)
K 'a =

1

λ

[R ' 'T (u ta ) + R R ' ' (u ta ) − R B ' ' (u ta )]

(35)

The next step is the azimuth FFT:
∞
⎡ R (u ) ⎤
F (t , f u ) = ∫ R x ⎢t −
a (u − u ) exp[ jθ (u )]du
−∞
c ⎥⎦
⎣

(36)

Where:

θ (u ) = − 2 Π f c

R (u )
− 2Π f c u
c

(37)

and fu is the azimuth frequency.
To solve the equation it is used the principle of stationary phase (PSP) and it is found a
relationship between frequency and azimuth time:

λc

R'T (u ta ) − R ' B (u ta )
+ u ta
R' 'T (u ta )

(38)

R' ' (u ta ) = R' 'T (u ta ) + R' ' R (u ta ) − R' ' B (u ta )

(39)

u=−

R' ' (u ta )

fu −

where

If u is substituted into Ө(u),R(u) and a(u-uta) it is obtained the signal´s phase (40),
instantaneous range equations in the range-Doppler domain (41) and the azimuth
envelope (42).
2Π [RT ' (u ta ) − R B ' (u ta ) ]
Πλc
Π [RT ' (u ta ) − R B ' (u ta ) ]
2Π
2
θ ( f u ) = θ [u ( f u ) ] =
f u − 2Π f u u ta −
R (u ta ) +
fu +
R ' ' (u ta )
λc
R ' ' (u ta )
λ c R ' ' (u ta )
(40)
2
2
[R ' (u ) − R' B (u ta )] + λc f 2 = R[u ( f )]
R ( f u ) = R (u ta ) T ta
u
u
2 R ' ' (u ta )
2 R ' ' (u ta )
(41)

2

⎡
R ' (u ) − R B ' (u ta ) ⎤
λc
A( f u ) = a ⎢ −
f u − T ta
⎥ = a[u ( f u ) − u ta ]
R ' ' (u ta )
⎣ R ' ' (u ta )
⎦

(42)

From this:
⎡ R( f u ) ⎤
F (t , f u ) = R x ⎢t −
A( f u ) exp[ jθ ( f u )]
c ⎥⎦
⎣

(43)
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The third step is the RCM correction:
The RCM (range cell migration) correction in monostatic RDA is easy because after the
range compression, all the targets have the same RCM-curve in the range-domain. In
SS-BSAR it is not a generally true but using GNSS satellites we can correct it in the
same way.
The range swath depends on the range resolution, the RCM and the parabolic
approximation throughout the range swatch and the best obtainable has been using
Galileo satellites with a range resolution around 8m.
The RCM of a target placed in the centre of the scene in the range-Doppler-domain is:
λc 2
2
ΔR ( f u ) =
fu
2 Rsc ' ' (0)
(44)
After that (43) become:
ΔR( f u ) ⎤
⎡
Fc (t , f u ) = Fc (t , f u ) exp ⎢ j 2πft −
c ⎥⎦
⎣

(45)

After the RCM correction with the Range IFFT the signal is into the range Dopplerdomain. For the case of standard RDA, the azimuth signal´s modulation is removed by
designing a filter in the range Doppler domain. If this modulation is removed, it is
obtained a linear phase term with the information of the target cross-range position. The
standard case can be applied to SS-BSAR case.
The equation of the filter´s frequency response is the following:
H ( xta , f u ) = exp[ jθ 0 ( f u )]

(46)

Where its phase modulation is:
⎡
R' (0) − R' Bxta (0) ⎤
c
2
θ0 ( fu ) = Π⎢
fu ⎥
f u + Txta
R' xta (0)
⎣ f c R' ' xta (0)
⎦

Equation 54

Rxta(u) is the total instantaneous range of the target at coordinates (xta,0)
R xta (u ) = RTxta (u ) + RRxta (u ) − RBxta (u )

(47)

The azimuth compression operation is:

G (t , f u ) = Fc (t , f u ) × H * ( xta , f u ) = R x (t −

Rc
) A( f u ) exp{ j[θ ( f u ) − θ 0 ( f u )]}
c

(48)

Assuming that the difference between the linear and the quadratic terms is negligible,
the difference between the two phases in (49) is approximately equal to [using 30]:
Π [RT ' (u ta ) − R B ' (u ta ) ]
θ ( f u ) − θ 0 ( f u ) = −2Π f u u ta −
R (u ta ) +
λc
λ c R ' ' (u ta )
2Π

2

(49)
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The point spread function (PSF) of the target is obtained after an azimuth IFFT.
R
g (t , u ) = R x (t − c ) R y (u − u ta )
c

(50)

In general this is the difference between the two phases:
⎡

⎤ 2
⎡ RT ' (u ta ) − R B ' (u ta ) R 'Txta (0) − R Bxta ' (0) ⎤
1
1
−
−
⎥ f u − 2Π f u u ta + 2Π f u ⎢
⎥
R ' ' (u ta )
R xta ' ' (0)
⎣ R ' ' (u ta ) R xta ' ' (0) ⎦
⎣
⎦
(51)

θ ( f u ) − θ 0 ( f u ) = Πλ ⎢

Next equation (52) is the cross-range displacement of yta and it has been caused by the
third term in (58) because it is linear with fu.

⎡ R' (u ) − RB ' (u ta ) R'Txra (0) − RBxta ' (0) ⎤
e y = VR ⎢ T ta
−
⎥
RB ' ' (u ta )
R xta ' ' (0)
⎣
⎦

(52)

5.7.2 NON PARALLEL SS-BSAR
Now, in the following, there is a study that extends the algorithm in the case where the
flight paths are not parallel. The rest of the conditions are the same as in the previous
case.
Below there is a scheme of the system in 2-D.

Figure 26 Scheme of the system in 2-D.
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The satellite´s position at each azimuth time is:
( xc + VT u cos a, y c + VT u sin a )

(53)

Scheme of the algorithm:

This scheme is similar to the “option 2” in the introduction.
The first step in the algorithm is the modified range compression.
The reference signal is the direct signal between the transmitter and the receiver.
R (u ) ⎤
⎡ R (u ) ⎤
⎡
s 0 (t , u ) = p ⎢t − B ⎥ exp ⎢− j 2Π f c B ⎥
c ⎦
c ⎦
⎣
⎣
Where:

RB (u ) = ( xc + VT u cos a) 2 + ( y c + VT u sin a − VR u ) 2

(54)

(55)

Working in the same way as for RT(u), RR(u) we obtain:

RB (u ) ≈ RB (u ta ) + R' B (u ta )(u − u ta ) +

RB ' ' (u ta )
(u − u ta ) 2
2

(56)

With:

RB (u ta ) = ( xc + VT u ta cos a) 2 + ( y c + VT u ta sin a − VR u ta ) 2
R B ' (u ta ) =

B
R B (u ta )

(57)
(58)
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R B ' ' (u ta ) =

(VT cos a ) 2 + (V R − VT sin a ) 2
B2
− 3
R B (u ta )
R B (u ta )

(59)

Range compression is performed in the range-frequency, azimuth-time domain, via a
range FFT on the two signals, multiplication of the received signal with the complex
conjugate of the reference signal, and a range IFFT.
The signal at the output of the range compression is described by:
RB (u ) ⎤
⎡
⎡ R (u ) ⎤
s c (t , u ) = p ⎢t −
w
(
u
−
u
)
exp
−
j
2
Π
f
ta
c
⎢
c ⎥⎦
c ⎥⎦
⎣
⎣
Where R(u)=RT(u)+RR(u)-RB(u)

(60)

In the general case of SS-BSAR, as in the parallel flight, the Doppler centroid and the
rate of the targets are similar after RC. The rate of the targets is measured with different
cross-range but with same range. RCM is almost removed too.
The block “Doppler centroid ambiguity solution” is used in order to remove the
monostatic Doppler ambiguity, as in the monostatic case. The Doppler ambiguity is due
to the azimuth-time sampling at the pulse repetition frequency. This effect is corrected
by modifying fu.
There is a cross-coupling between the range and the azimut frequencies because of the
presence of the Doppler centroide, a common problem in the monostatic case. To solve
this problem is used a second range compression (SRC). It uses linear phase
multiplications. For this implementation, the signal is first converted in to the 2-D
frequency domain using the Principle of Stationary Phase (PSP), as in the monostatic
case.
The crosscoupling term (CCT) is given by the third term of the Taylor series expansion
of the signal’s phase in this domain around f = 0.
The azimuth IFFT block converts the signal into range Doppler domain for RCM
correction. RCM is converted using a method, where, for each azimuth line of the
range-compressed data, the signal is first upsampled in the range-time dimension to
recover each target’s true range history.

The block “receiver-to-target range estimation” is used to extract xta from R(u) needed
to RCM correction. RCM needs to know the target’s range of closest approach to the
receiver.
The last block in the algorithm is the “Azimuth compression” that works in the same
way than in the monostatic RDA case. A filter, designed in the range Doppler domain,
removes the azimuth phase modulation produced by the R(u) of the target, and
compresses target returns in azimuth.
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6. Results
In this part we present our results of simulations in Matlab. It is divided it in two parts,
firstly, we show the results for the code with no carrier and secondly, we present the
results with carrier.

6.1. Results with no carrier.
In the figure (28) there is the scheme of the simulation tool what we developed.
The Matlab code is in the annex, part 1.

CODE of satellite n

QPSK

exp j (θ i )

CODE of satellite m

QPSK

exp j (θ i )

n

Correlation
m

Figure 27: Scheme of the first part of the results.
As presented in section 2 the GPS signal contains a lot of information. In this work
however we only generate the C/A code and we study the correlation.
Two different C/A code vectors, n and m, are obtained for two satellites. We generate
the baseband signal, the correlation and the autocorrelation of the signal.
The following pictures show the results of the auto-correlation of the two satellites
(figure 30 and figure 31) and the cross-correlation (figure 32) between them:
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Figure 28: Autocorrelation of the C/A code of the first satellite.
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Figure 29: Autocorrelation of the C/A code of the second satellite.
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C/A cross-correlation
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Figure 30: Autocorrelation of the C/A code of the second satellite.
As we can see in that pictures, in the figure 30 and figure 31 we obtain the results
explained in the theory. In the center, where there is not shift, the result is maximum
and in the rest, the level is very low.
The last figure is the cross correlation, in this case the values has a very low level in
comparison with the maximum value for the autocorrelation.
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6.2 Results with carrier.
In the figure 29 there is the scheme of the simulation tool that we developed. First the
code was simulated, and then we modulate the signal and mix it to obtain the signal in a
lower frequency.
The code of this part is in the annex part 2 and 3.
In all of this process we analyze the autocorrelation in the different the steps:

CODE

QPSK

cos( 2Π f + θi )

Filter

cos( 2Π ( f − fo ))

cos( 2Π fo )

Figure 31: Scheme of the simulation.
In this part we have simulated the process of the scheme with a very short code. The
simulation with a real vector with 1023 samples is very long and we use an example
with a few number of samples, in this case, eight samples. The selected code was:
[ 1 1 0 1 0 0 1 0]
Next, we modulate it with a QPSK in the L1 frequency. After the modulation we get the
autocorrelation:
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Figure 32: Autocorrelation of the signal after the modulation

After the QPSK modulation we need to downconverter the signal, as in the real case, to
work easily with lower frequencies.
To analyze the signal we can use different alternatives. Probably the most common one
is to transform the real sampled signal to complex by Hilbert Transform:
If a known signal x(t) whose Fourier transform is X(f), the Hilbert transform of x(t) is
called x’(t) and its Fourier transform is:
X ' ( f ) = − j ⋅ sgn( f ) ⋅ X ( f )

(61)

So a Hilbert transformation shifts -90º all the frequency components of the signal
without changing the amplitude. In time domain:
x' (t ) = F −1 (− j ⋅ sgn( f )) ∗ x(t )

(62)

In order to find the inverse of the transform of –jsgn(f) it is used the following duality:
F ( j ⋅ sgn(t )) =

1
π⋅f

(63)

⎛ 1 ⎞
F −1 ⎜
⎟ = − j ⋅ sgn( f )
⎝ π ⋅t ⎠
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(64)
+∞

1
1
x' (t ) =
∗ x(t ) = ∫ x(τ ) ⋅
⋅ dτ
π ⋅t
π ⋅ (t − τ )
−∞

(65)

One of the properties of the Hilbert transform is that if y(t)=x(t)w(t) where x(t) is a low
pass signal and w(t) is a high pass signal, it is deduced the following:
y’(t)=x(t)w’(t)

(66)

y (t ) = sin (ω c ⋅ t ) ⇒ y ' (t ) = − cos(ω c ⋅ t )
(67)
As we have our output vector expressed in cosine we can also calculated with the
Hilbert transform the sine and obtain the expression in the exponential way
cos(ω c ⋅ t ) + j ⋅ sin (ω c ⋅ t ) = e jωct

(68)

With the expression above we can downconverte the frequency in an easy way:
-

As we have created the signal at the end of the modulator,a cosine with different
phases, we can obtain in the same way the sine.

In this case the process to follow is sum cos(wt+Өi)+jsin(wt+Өi) and this is the same as
e j(wt+Өi). Them if we multiply with other exponential we can obtain a exponential with
the desired frequency as is reflected in the following.
e j ( w+θi ) × e j ( wo ) = e j (( w− wo ) +θi )

-

(69)

In our case we use the following trigonometric identity:
cos( A) cos( B ) =

1
[cos A + B + cos A − B ]
2

(70)

We multiply the output signal of the modulator with another one, with the appropriate
frequency, and we filter the result.
At the end we obtain the same signal in a lower frequency as it can be seen in the
scheme.
Following there are shown the figures obtained.
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Figure 34: Signal after the mixer in time.
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Figure 35: Signal after the mixer in frequency.
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Figure 36: Signal after down convert in time.
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Figure 37: Signal after down convert in frequency

7. CONCLUSIONS
To sum up, the aim of this thesis is to investigate the formation of Synthetic Aperture
Radar (SAR) images using the Global Navigation Satellite System (GNSS).
In our thesis we have introduced the theory necessary to understand the composition of
the GPS signal: correlation properties, the different codes that compound the signal as
well as the generation of each one.
Although the most important point in this work is the study of several simulations with
Matlab in order to explain the reception of the signal. We have simplified the number of
codes and also the length of same of them in order to get an easier and faster result.
Thanks to the graphs obtained with the mathematical tool, where we can see the
correlation and cross correlation of the PRN codes, the theory about GPS reception is
also explained. We can follow the process of reception as far as we can see the primitive
received signal, the maximum and minimum values of the correlated signal in frequency
and time domain for all the different stages of the action.
In this study we have mainly studied the properties of the GPS signal. However the
results can easily be transformed to Galileo and Glonass. It is also believed that by
using the Galileo system the bandwidth will increase and the image resolution will be
much better.
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Annexes
In this part there is the Matlab code used to obtain the results.
1. C/A Code:
We obtain the vector called g with the Matlab code “cacode”.
function g=cacode(sv,fs)
This vector contains the generated 1023 length C/A Codes for GPS PRN’s (1-37).
Symbols in g are in each row 1 and 0.
We have two inputs for cacode function:
- Sv: A vector of the SV’s to be generated. (1-37)
- Fs: Optional number of samples per chip. (default we are using 1)
If we would want to generate the C/A codes for PRN 7 use:
g= cacode (7,1);
and to generate the C/A codes for PRN 6 at 9 MHz use
g=cacode([6 1],9/1.023)
function g=cacode(sv,fs)
if nargin<2
fs=1;
end

if (max(sv)>37) || (min(sv)<1) || (min(size(sv))~=1)
error('sv must be a row or column vector with integers between 1
and 37\n')
end
if fs<1
error('fs must be 1 or greater\n')
end
% force integers
testint=round(sv)-sv;
if testint ~= 0
warning('non-integer
integer\n');
sv = round(sv);
end

value

entered

for

sv,

rounding

to

closest

% table of C/A Code Tap Selection (sets delay for G2 generator)
tap=[2 6;
3 7;
4 8;
5 9;
1 9;
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2
1
2
3
2
3
5
6
7
8
9
1
2
3
4
5
6
1
4
5
6
7
8
1
2
3
4
5
4
1
2
4

10;
8;
9;
10;
3;
4;
6;
7;
8;
9;
10;
4;
5;
6;
7;
8;
9;
3;
6;
7;
8;
9;
10;
6;
7;
8;
9
10
10
7
8
10];

% G1 LFSR: x^10+x^3+1
s=[0 0 1 0 0 0 0 0 0 1];
n=length(s);
g1=ones(1,n);
%initialization vector for G1
L=2^n-1;
% G2j LFSR: x^10+x^9+x^8+x^6+x^3+x^2+1
t=[0 1 1 0 0 1 0 1 1 1];
q=ones(1,n);
%initialization vector for G2
% generate C/A Code sequences:
tap_sel=tap(sv,:);
for inc=1:L
g2(:,inc)=mod(sum(q(tap_sel),2),2);
g(:,inc)=mod(g1(n)+g2(:,inc),2);
g1=[mod(sum(g1.*s),2) g1(1:n-1)];
q=[mod(sum(q.*t),2) q(1:n-1)];
end
%upsample to desired rate
if fs~=1
%fractional upsampling with zero order hold
index=0;
for cnt = 1/fs:1/fs:L
index=index+1;
if ceil(cnt) > L
%traps a floating point error in index
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gfs(:,index)=g(:,L);
else
gfs(:,index)=g(:,ceil(cnt));
end
end
g=gfs;
end

1.1 Modulation and correlation of the C/A code.
% QPSK of the code
% Generate baseband signal
clear
g1=cacode(1);
g2=cacode(2);
for n=1:2:(length(g1)-1);
t=(n-1)/2+1;
if g1(n)==1 && g1(n+1)==1;
sal1(t)=exp(j*pi/4);
elseif g1(n)==0 && g1(n+1)==1;
sal1(t)=exp(j*(3*pi)/4);
elseif g1(n)==0 && g1(n+1)==0;
sal1(t)=exp(j*(5*pi)/4);
elseif g1(n)==1 && g1(n+1)==0;
sal1(t)=exp(j*7*pi/4);
end
end

y1=xcorr(sal1);
figure(1);
plot(abs(y1))
title('C/A code correlation');
xlabel('time');
ylabel('amplitude')

for n=1:2:(length(g2)-1);
t=(n-1)/2+1;
if g2(n)==1 && g2(n+1)==1;
sal2(t)=exp(j*pi/4);
elseif g2(n)==0 && g2(n+1)==1;
sal2(t)=exp(j*(3*pi)/4);
elseif g2(n)==0 && g2(n+1)==0;
sal2(t)=exp(j*(5*pi)/4);
elseif g1(n)==1 && g1(n+1)==0;
sal2(t)=exp(j*7*pi/4);
end
end

y2=xcorr(sal2);
figure(2);
plot(abs(y2))
title('C/A code correlation');
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xlabel('time');
ylabel('amplitude')

y3=xcorr(sal1,sal2);
figure(3);
plot(abs(y3))
title('C/A cross-correlation');
xlabel('time');
ylabel('amplitude')

2. Generation of the code, autocorrelation, QPSK modulation and
autocorrelation of the code after the modulation.
%Portadora L1
f=(10.23*(10^6))*154;
Tend=1/1.023e+6;
%CODE
g=[1 1 0 1 0 0 1 0];
plot(xcorr(g));
title('code correlation')
xlabel('time');
ylabel('amplitude')
%step
st=308000;
k=(1/((1.023e+6)*st));
%out
saltot=[];
for n=1:2:length(g);
t=0:k:2*Tend;
if g(n)==1 && g(n+1)==1;
sal=cos(2*pi*f*t+pi/4);
elseif g(n)==0 && g(n+1)==1;
sal=cos(2*pi*f*t+(3*pi)/4);
elseif g(n)==0 && g(n+1)==0;
sal=cos(2*pi*f*t+(5*pi)/4);
elseif g(n)==1 && g(n+1)==0;
sal=cos(2*pi*f*t-pi/4);
end
saltot=[saltot sal];
end
t=0:k:(2464003*k);
figure(1);
plot(t,saltot)
title('Signal after the modulation in time');
xlabel('time (sec)');
SAL1=fft(saltot);
figure(2);
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plot(abs(SAL1));
grid;
title('Signal after the modulation in frequency');
xlabel('frequency');
plot(xcorr(saltot))
title('Autocorrelation of the signal after the modulation')

3. Downconverter

3.1 Code of the mixer
f2=1.5744e+009;
s=saltot.*cos(2*pi*f2*t);

3.2 Code of the filter.
Fm=2.1*1.5754e+009; % Sample frequency
Fc=10e6; % Cutoof frequency.
BT=10e6; %Transition band.
Rp=2;
rp=(10^(Rp/20)-1)/(10^(Rp/20)+1);
Rs=40; % Gain.
rs=10^(-Rs/20);
wp=2*Fc/Fm % passband frequency.
ws=2*(Fc+BT)/Fm %stopband frequency.
[n1b,wn1]=buttord(wp,ws,Rp,Rs); % Order of the filter
[B1,A1]=butter(n1b,wn1); % Filter coefficients
h1=freqz(B1,A1); % Frequency Response
figure(1);
plot(abs(h1));
title('Filter');

%N=2464003; % Number of samples
%t=(0:N-1)/Fm;
%s=sin(2*pi*1.5754e+009*t)+sin(2*pi*1e6*t);
figure(2);
plot(t,s);
title('signal s');
S=fft(s);
figure(3);
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%eje_F=(0:N-1)*Fm/N; % From 0
%plot(eje_F,abs(S).^2);
plot(abs(S).^2);
title('signal in frequency');

Hz

to Fm

z=filter(B1,A1,s);
figure(4);
plot(t,z);
title('signal in time after the filter');
Z=fft(z);
plot(abs(Z));
figure(5);
%plot(eje_F,abs(Z).^2);
plot(abs(Z).^2);
title('signal in frequency after the filter');

3.3 Code of the correlation
z1=xcorr(z,'coeff');
figure(6);
plot(z1)
title('correlation of the signal in low frequency')
grid;
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ACRONYMS
A/D
BOC
BPSK
CCT
CDMA
CS
GLONAS
GNSS
GPS
EC
EGNOS
ESA
HOW
MLS
MSAT
OS
PPS
PRN
PRF
PRS
PSF
PSP
RADAR
RCM
RCMC
RDA
RF
SAR
SBAS
SRC
SS-BSAR
SoL
SNR
TLM
UTC
UHF
FFT
IFFT

Analogy to digital converter
Binary Offset Carrier.
Binary Phase Shift Keying.
Crosscoupling term.
Code Division Multiple Access
The Commercial Service
Global Navigation Satellite System.
Global Navigation Satellite System.
Global Positioning System.
European Commission
European Geostationary Navigation Overlay Service.
European Space Agency
Transfer word.
Maximum-length sequence
Mobile Satellite System for Canada.
Open Service
Precise Positioning Service
Pseudo random noise.
Pulse repetition frequency.
The Public Regulated Service
Point spread function.
Principle of stationary phase.
Radio Detection and Ranging.
Range cell migration
Range cell migration correction.
Range Doppler algorithm.
Radio frequency.
Synthetic Aperture Radar.
Satellite Based Augmentation System.
Secondary range compression.
Space-Surface Bistatic SAR.
The Safety of Life Service
Signal-to-Noise Ratio
Telemetry word.
Universal Time Coordinated.
Ultra High Frequency
Fast Fourier Transform.
Inverse Fast Fourier Transform.

.
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