UNB

Master’'s Thesis

Master in Telecommunication Engineering

Development of a GPS Multi-Antenna Calibrated
Platform Using COTS Components

Pablo Alejandro Noguera Chacén

Supervisor: Gonzalo Seco-Granados
Dpt. Telecommunications and System Engineering

Escola Técnica Superior d’Enginyeria (ETSE)
Universitat Autonoma de Barcelona (UAB)

July 2016



UNB

El sotasignant, Gonzalo Seco-Granados, Professor de I'Escola Técnica Superior d’'Enginyeria (ETSE) de
la Universitat Autdnoma de Barcelona (UAB),

CERTIFICA:
Que el projecte presentat en aquesta memoria de Treball Final de Master ha estat realitzat sota la seva
direccio per I'alumne Pablo Alejandro Noguera Chacon.

|, perqué consti a tots els efectes, signa el present certificat.

Bellaterra, 1 de juliol de 2016.

Signatura: Gonzalo Seco-Granados



Resum:

La vulnerabilitat de les senyals GNSS vers interferéncies de radiofreqiiencia i spoofing s’ha convertit
en una preocupacio en aplicacions de radionavegacio que requereixen un alt nivell de precisio i
sequretat. Aquesta manca de precisi6 dels receptors GPS convencionals ha donat pas al
desenvolupament de sistemes GPS multi-antena els quals integren diversos front-ends sincronitzats
mitjangant un oscil-lador comu. L’objectiu principal d’aquest projecte es el desenvolupament d’una
plataforma GPS de facil us, calibrada i de baix cost utilitzant Software-Defined Radios (SDRs) i antenes
GPS comercials. EIl hardware encarregat d’enregistrar les senyals captades per les diverses antenes
GPS esta format per tres Universal Software Peripherial Radios i un ordinador personal. La
metodologia que es proposa per tal d’aconseguir una sincronitzacio de fase entre els diferents front-
ends consisteix en I'is de les diferéncies de fase observades d’'una senyal de referéncia per tal de
compensar el desfasament existent en les senyals captades per cada USRP. En comptes de fer servir
un array d'antenes totalment calibrat i amb una geometria fixa, 'array que es proposa esta format per
tres antenes GPS comercials. Aquest enfocament permetra a l'usuari de canviar la geometria de I'array
de tal manera que es podra adaptar a les necessitats de I'aplicacio.

Resumen:

La vulnerabilidad de las sefiales GNSS frente a interferencias de radiofrecuencia y spoofing se ha
convertido en una preocupacion en aplicaciones de radionavegacion que requieren un alto nivel de
precision y sequridad. Esta falta de precision en los receptores GPS convencionales ha dado lugar al
desarrollo de sistemas GPS multi-antena los cuales integran distintos front-ends sincronizados
utilizando un oscilador comun. El objetivo principal de este proyecto es desarrollar una plataforma GPS
de facil uso, calibrada y de bajo coste utilizando Software-Defined Radios (SDRs) y antenas GPS
comerciales. El hardware encargado de grabar las sefiales captadas por las distintas antenas GPS
esta formado por tres Universal Software Peripheral Radios y un ordenador personal. EI método
propuesto para consequir una sincronizacion de fase entre los distintos front-ends consiste en el uso
de las diferencias de fase observadas de una sefial de referencia para compensar el desfase existente
en las sefiales captadas por cada USRP. En vez de utilizar un array de antenas totalmente calibrado
y con una geometria fija, el array que se propone esta formado por tres antenas GPS comerciales.
Este enfoque permitira al usuario cambiar la geometria del array de modo que se adapte a las
necesidades de la aplicacion.

Summary:

The vulnerability of GNSS to RF interference and spoofing has become more and more a concern for
navigation applications requiring a high level of accuracy and reliability. This lack of accuracy of the
GPS conventional receivers has triggered the development GPS multi-antenna systems, which
integrate three or more GPS front-ends referenced to a common oscillator. The main purpose of this
project is to develop a low cost and ease of deployment GPS calibrated multi-antenna platform by using
both Commercial-Off-The Shelf (COTS) software-defined radios (SDRs) and GPS antennas. The
signal collection hardware built to collect array data sets for each antenna consists of three Universal
Software Radio Peripheral (USRP) and one Personal Computer (PC). The method proposed to achieve
phase synchronization between the different front-ends consists of using a phase difference of arrival
mechanism based on a synthetic GPS signal reference transmitter. The antenna array proposed is
composed by three COTS GPS antennas instead of using a custom designed and fully calibrated
antenna array. This approach allows the user to change the desired layout depending on the application
field.
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INTRODUCTION

BACKGROUND AND OBJECTIVE

Nowadays, the Global Positioning System (GPS) is ¢neatest exponent of satellite
radionavigation systems. In short, the GPS is @llgatbased radionavigation system
developed and operated by the U.S. Department fe#ri3e (DOD) that permits land, sea and
airbone users to determine their three-dimensipasition, velocity, and time 24 hours a day,
anywhere in the world with a precision and accuriybetter than other radionavigation
systems available (U.S.C.G.N.C., 2016). Since GBS developed by the U.S. Department of
Defense and its main purpose was to be used itamgilapplications, its accuracy in terms of
civil users positioning is restricted. The DOD miienally degrades the signal by altering the
satellite clock or broadcasting less accurate eghisrparameters that leads to worst pseudo
range accuracy and therefore errors in user paosigo Furthermore, if we also consider that
the GNSS satellite signal power is low (-130 dBnthvgiatellite visibility) and that it might be
attenuated 20-25 dB depending on the user enviroréS signals can be considered weak
and vulnerable to deliberate or unintentional R&dequency (RF) interference (MacGougan,
2003). A GPS receiver should be capable of mitigathe effects of Radio Frequency (RF)
interference and multipath signals by giving theme@sonably correct position within 5-10m

under these conditions.

The vulnerability of GNSS to RF interference andafmg has become more and more a
concern for navigation applications requiring ahhigvel of accuracy and reliability. This lack
of accuracy of the GPS conventional receivers hggdred the development GPS multi-
antenna systems, which integrate three or more fB#t#$-ends referenced to a common

1



oscillator. The development of GPS multi-antenrgtesys has resulted in another leap in GPS
applications. The information provided by varioudesanas may be used to the location of
emitting sources, that is to say, to detect theatiion of arrival of an incident wavefront, as
well as to performing spatial filtering techniquatso called beamforming. The beamforming
techniques are used to enhance the quality ofigmals of interest by rejecting the possible
interference sources. Obviously, this is usefulGiRS applications where the interest is to
maximize signals traveling by light of sight andhcal any possible reflection. In fact, antenna
arrays have a significant number of applicationsRADAR, SONAR, bioengineering,
astronomy, etc. Not that long ago, researchers lojgee a system for spoofihcattack
detection based on the observation of GPS signatsier phase differences between multiple

antennas (Montgomery, Humphreys, & Ledvina, 2009).

The main purpose of this project is to developradost and ease of deployment GPS calibrated
multi-antenna platform by using both Commercial-Offfe Shelf (COTS) software-defined
radios (SDRs) and GPS antennas. The signal calfebirdware built to collect array data sets
for each antenna consists of three Universal So&wadio Peripheral (USRP) and one
Personal Computer (PC). In order to obtain time &trduency synchronized signals, the
different SDRs will be referenced to a common destit. Furthermore, with the purpose of
achieving phase calibrated samples, a phase dormentethod based on using a phase
difference of arrival mechanism based on a syrdth&®S signal reference transmitter is
suggested. The antenna array proposed is compgshdele COTS GPS antennas instead of
using a custom designed and fully calibrated argearmay. This approach allows the user to
change the desired layout depending on the apiplicéield.

THESIS ORGANIZATION
This project is divided into four main chapters.f@e their appearance, some information

about the background and its significance is preseMhe development of the present project

is disclosed all along the four mentioned chapters.

1 Spoofing: the act of broadcasting a fake GPS storfaol a device into thinking it's somewhereegland/or at

a different point in time.



Chapter 1 includes a review of the most importasihfs referring to the GPS positioning
system. It incorporates a review of the historytto§ system and a brief description of its
functioning. Moreover, the basic information abaudsPS receiver functioning is included. To

finish, there is a concise description about therama array basic concepts.

Chapter 2—as 3 and 4- contains the development of the purpose. Thistehap dedicated
to the multi-antenna platform development. As a bogk, it explains the evolution of the
platform’s hardware, the used methods to creasdilarated multi-antenna receiver (both phase
and time) and the obtained data after carryingsouate tests.

In Chapter 3 the reasons why the geometry of tesgmted antennas array was chosen are
explained. It also includes the cause why the mofd@htenna was elected and the presentation
of the mechanical conditions of the array. In addit it incorporates a test whose main

objective is to show the possible undesirable &ffen the estimated parameters by the receiver

caused by the usage of different antennas andittieraction in a reduced area.

Talking about Chapter 4, it comprises a data ctiaccarried out with the created platform in
order to look for a possible utility for the recerddata. In this specific case, the possibility of
using registered data by an antenna array to ditedirection of arrival of the GPS satellite

signals is evaluated.

Finally and as a kind of final act, the conclusiairawn all along the realization of this
experimental project are presented. As a final tpothere are some annexes with

complementary information about the used software.



CHAPTER 1

GPS SYSTEM FUNDAMENTALS

1.1GNSS HISTORY

A GPS is a global positioning system which is & pathe Global Navigation Satellite Systems
(GNSS); GNSS is understood as the series of radigaton systents—i.e. GPS, GLONASS
and Galiled. This type of systems consist of an artificiakdiies constellation that transmits

signals which provide spatial and temporary positig services in any part of the world.

The GNSS system development starts in the 1970s thvé appearance of the American
TRANSIT system designed by the US Navy and whose ojzeration principle was based on
the Doppler Effect. The satellites sent signala garticular frequency and, because of their
relative movement, the receiver received the saigeals with a slight variation on its
frequency. The main change that the mentionedmsystigoduced was its capacity to calculate
the user’s position with an accuracy of 10 meterspite of this, its main disadvantage was
the fact that the user had to rest immobile fayrgltime so this system turned out to be slow

and impractical (Bonnor, 2012).

Some years later, a worldwide revolution on thelbtg positioning systems was originated

and with this, the GPS system appeared. In thely days, the GPS system consisted of a 24

2 Radionavigation: Navigation guided by electromaigneaves.
3 GLONASS: Satellite navigation system developedHgyformer Soviet Union.

4 Galileo: Satellite navigation system developedtEyopean Union.

4



satellites constellation that orbited the Earth éinehs originally designed to be used only for
military applications, so that, its control was anthe US Department of Defense (National
Coordination Office for Space-Based Positioningyijation, and Timing, 2016). It was not

until the mid -90s that its civil applications weeken into account when the US government
carried out some studies with the aim of analysihgther this technology was convenient to
be used for this purpose or not. What is morey afteching multiple agreements between the
US government and other nations in the world, da@lcoverage was obtained and the GPS

become the main fully operational satellite nav@asystem.

Nowadays, in the civil sphere, GNSS systems ard inséde the International Civil Aviation

field as positioning and recognition systems andadsey element of the communication,
navigation and security systems for the air-tra¢fomtrol. Other important uses at civil level
are: navigation/orientation handheld devices fding, embedded devices for automotive
industry, maritime transport, location systemsdaorergencies and hydrological calculations
among other applications (National Coordination i€ff for Space-Based Positioning,

Navigation, and Timing, 2016).

1.2GPS OVERVIEW

As explained before, GPS is an all-weather sateltilionavigation system developed by the
U.S. DOD to meet the military requirements of world-widesjtimning and time keeping. The
overall system is composed of three major segmspée segment, control segment and user
segment. The space segment consists of 30 (24 d&ethinnings) radio navigation satellites
which are deployed in 6 circular orbital planeshvatradio of 26.600 km, an inclination of 55
degrees angle with respect to the equator andanithriod of approximately 11 hours and 58
minutes. The satellite orbits were designed in suglay that at least four satellites could be
visible at any time and location on the Earth’sfate. The control segment consists of a
network of tracking stations, one master contraligh situated in the Colorado Springs and a
set of terrestrial antennas spread all over thédw®he main tasks of the control segment are
to track and monitor the satellite performance, gota the clock corrections and periodically
upload satellite ephemeris and other system daddl satellites for retransmission to the user

segment (Seco-Granados, Lopez-Salcedo, & Vicafid2R The user segment is composed of

> DOD: Department of Defense



the collection of GPS receivers. The main taskthsf segment are to receive, decode and
process the signals emitted by the spatial segmearter to obtain the required information

according to the use that is making the GPS sysisuaglly calculate the user's position.

The ground positioning system uses three diffefeduency bands from the Ultra High
Frequency (UHF) region to transmit the satellitgnals. The first frequency band (L1) is
centered at 1575.42 MHz and is used to transmit (@®darse Acquisition) and P (Precise)
codes. The second band (L2) is centered at 1226&0and is used to broadcast uniquely the
P code. The third band (L5) uses a broadcastirguéecy of 1176.45 MHz and it is used to

transmit the new civilian signal also known as satd-life signal.

As commented above, the GPS has simplified theiposig and navigation of both military
and civil users in a continuous way since its lduincl978. Nowadays, this positioning system
offers two levels of service: standard positiongygtem and precise positioning system. The
Standard Positioning Service (SPS) is a contingas#tioning service which is available for
all users (military, private and commercial). Fecurity reasons, the DOD degrades the SPS
service precision using a technique called Selecthwailability (SA). This technique
manipulates the data of the navigation messadgeasthte DOD can reduce the precision of the
satellite signals and, hence, causing positioningre The Precise Positioning Service (PPS)
IS a positioning service of a great precision daidid to military applications, it is available
globally and continuously only for authorised us@itsis type of service is designed to have a
minor accuracy error in comparison to the one mlediby the SPS service. The offered
accuracy is obtained by using cryptographic tealesoas Anti-Spoofing (AS); this one avoids
the fact of obtaining data from the broadcastedasy by encrypting methods and the
mentioned SA which wakens the signals used by Bf& &rvice.

Although GPS system was initially developed toifuffilitary positioning applications, it is

on its civilian applications where the technologshncreased exponentially. The need for
obtaining less errors during the localisation clton using this positioning system has led
researches to develop new reception platforms aadepsing techniques for this satellite
signals. This is how the multi-antenna receivingtiokrms development is born; it integrates

three or more GPS antennas into one system withgepantenna configuration in space.



1.3GPS RECEIVER

This section will be focused on the analysis ofttaedware and the software that form the GPS
receiver, whose basic purpose is to determine $k€suposition by analysing the signals that
the GPS constellation transmits. As seen in leiduiin order to calculate the position

and to obtain an analysis of the received signalsameter, some tasks will have to be

sequentially carried out.

GNSS ANTENNA

| ‘ | }:
ACQUISITION TRACKING NAVIGATION
TR > MODULE MODULE MODULE

USER POSITION

Figure 1 GPS receiver components
Since the user’s position calculation is not pdrthas project’'s scope, only the three first
modules—front-end, acquisition and tracking modwueswill be briefly introduced.

1.3.1FRONT-END MODULE

A front-end is the first module that forms a GP&eieer. Its main task is to down-convert the
received signal to an intermediate frequency oedlly to baseband and to carry out an
analogue/digital conversion of the mentioned sig@ahsequently, a constant flow of discrete
and quantified samples are obtained (Seco-Granadpsz-Salcedo, & Vicario, 2012).

RF ANTENNA
AMPLIFIER AMPLIFIER
ADC
[, ]
{ F40 |
SAMPLING CLOCK
TXCO @—» PLL
N
SAMPLED
SIGNAL

Figure 2 Front-end module
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As seen in Figure 2, this module basically congithe components below:

Band-pass filter (BPF): acts as a frequency selector, allowing just aiqdair
frequency range to pass. The most used filtereidtind-pass, as opposed to a low-pass
or high-pass filter, it provides additional freqogrselectivity. Antennas usually have
a low frequency selection range, so they tend toitadon-desired signals which are
outside the frequency range; that is why it is intgoat to eliminate these non-desired
signals, otherwise, out of band signals sourcefdcenter the front-end and saturate

later-stage component following the antenna.

Amplifiers: the only task of this device is, as its name shanplify the magnitude
of the extremely weak incidental signal to a lgwelctical for the analogue-to-digital

conversion.

Local Mixer/Oscillator: the main task of this device is to translate thput 1575.42
MHz RF carrier—in the L1 GPS band caseto a lower intermediate frequency (IF)
signal, preserving the signal modulation struc{i#erre, Akos, Bertelsen, & Rinder,
2007). The main reason why there is a need of lingéhe input signal frequency is to
adapt the frequency to those ranges used by tHegamddigital converser module.
Generally, the large majority of oscillators cangenerate the desired frequency for
GPS signals in L1 band on their own, so in ordecday out this process, some
components are needed. As seen in Figure 2, ggnedralorder to get the desired

intermediate frequency this device is combined Rhase Lock Loop (PLL).

In order to achieve translate the RF carrier toveel IF, a mixer is needed. The result

of mixing the local oscillator signal and the ineid signal may be expressed as:

d(t) cos((wy — wyp)t) N d(t) cos((wy + wy)t) )

d(t) cos(w;t) cos(wyt) = 2 2

wherew; andw, are the carrier and the local oscillator frequescrespectively. It is
obvious that the desired intermediate frequentyaslifference term of the expression,
the sum frequency is simply a consequence in @sg.cThe second filter depicted in
the cascade of Figure 2, which follows the mixerused remove the sum term and
select only the desired difference frequency.
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» Analog to digital converter (ADC): this is the last component of the front-end module
and, as its name indicates, it converts the intidealog signal to digital samples. The
main function of the ADC is to quantffiithe incident analog signal with a specified
number of bits. Spilker et al. (1996) establisheat the highest number of bits used by
the receptor in the quantification process, theelogignal degradation is produced.
Thermal noise produced by hardware has, as a coeseg, a noisy ADC input signal

and therefore amplifiers for increasing the dessigdal level are needed.

1.3.2ACQUISITION MODULE

Once the analog signals have been digitalizedfittetask of the GPS software receiver is to
identify all satellites visible to the user. Thearsition must determine the following properties

of the signal:

* Frequency: Due to satellite relative motion to the receivag frequency of the signal
emitted by this can differ from its nominal valeausing a Doppler effect. The Doppler
frequency shift may vary depending on the satelliecity and the user motion. In the
case of having a static receptor, the maximum dewiacaused by this effect may
amount to £5 KHz, whereas for the case of a movawgiver the deviation can be up

to £10 KHz (Bao & Tsui, 2005).

* Code PhaseThe code phase denotes the point in the curreatidatk where the C/A
code begins. If a data block of 1 ms is examinlee data include an entire C/A code

and thus one beginning of C/A code.

There are several methods to determinate thessitmals parameters and most of them are
based on using the C/A code correlation proper@e® of the most important properties of the
C/A codes is the result of its cross-correlatione high peaks of autocorrelation and the low
peaks of cross-correlation are used to identifypiiesence of a particularly satellite signal over

the full samples received.

The received signal is a combination of signalsnfrall n visible satellites and may be

expressed as:

8 Quantify: The quantification method consists aipting the incident analog signal with approximfitete

values.



s =s(t) + s2(t) + - + s™(¢) (2)

In order to acquire satellite the incoming signad is multiplied with a local generated C/A
code corresponding to the satellikeThe cross-correlation between C/A codes for difiere
satellites implies that signals from other saidliare nearly removed by this procedure. This
procedure is continuously repeated applying differievels of code delay and Doppler

frequency in order to avoid removing the desirgual.

Code Correlation - PN #4 Code Correlalion - PRN #2

x 10

Dioppler Freqmency (I1z) 0 Code-Phase (chips) Doppler Frequency (Hz) o

Code-Phase (chips)

Figure 3 Left: Acquisition plot for PRN #4 Right: Acquisition plot for PRN#2

After performed the multiplication with the locagmgerated code, the signal is mixed with a
locally generated carrier wave. This procedure negadhe carrier wave of the received signal
by mixing the received signal with a frequency ddoeal generated signal. As mentioned
before, the Doppler Effect may vary the satelligmal frequency up to 10 KHz and therefore

different frequencies within this area must begest

The acquisition procedure works as a search proee8or each of different frequencies 1023
different code phases are tried and when all piisigib of both parameters are tried, a search
of maximum value is performed. If the maximum vakxeeeds a determined threshold, the
satellite is acquired with the corresponding freguyeand phase shift. As shown in Figure 3, if
the desired satellite signal is present a clearetation peak is easily recognizable. On the
opposite, if the desired satellite signal is nasent, the correlation peaks do not exceeds the

minimum threshold and therefore the absence ofstitisllite on the sky view is ensured.
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1.3.3TRACKING MODULE

Once finalized the code acquisition stage, tergatalues of code phase and doppler frequency
are obtained. The main purpose of tracking stag® isefine the values estimated on the
acquisition module. Typically, the tracking moduteproves the frequency and code phase
values and keeps the track of these as the sigopégies change over time. To do this, two
architectures in parallel are required, one dedditdad the code tracking and the other one

focused on the carrier frequency/phase tracking.

1.3.3.1CARRIER TRACKING

The main purpose of the carrier tracking is to aeiee the phase and the frequency of the
incoming GPS signal. In order to track the camrare signal, the implementation of a phase
lock loop (PLL) is necessary. The GPS PLL architextshould be insensitive to 180° phase
shifts due to navigation data bits transitions.sTtoperty ensures that if navigation data bit
transition occurs, the PLL will still track the sig and nothing will happen. The most common

carrier tracking loop that fulfills this phase ghiinsensitivity requirement is the Costas loop,

Figure 4.
[ Lowpass
filter
PRN code
, Y
Igconlnng NCO carrier < Carrier loop L@ Carrier loop
signa generator filter discriminator
Y i
90°
Lowpass
0 filter

Figure 4 PLL: Costas loop used to track the carriewave

Following the block diagram from left to right itay be seen that the first multiplication is the
product between the input signal and the locali@awave and the second multiplication is
between a 90° phase-shifted carrier wave and fhe signal. The main goal of this kind of

PLL architecture is to keep all the energy in thgplhase arm (I) and that is why some kind of
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feedback to the oscillator is needed. If the gerdripcal code replica perfectly matches with

the code signal incoming, the in-phase arm folltvesexpression:

k _ 1 1k €))
D*(n) cos(w;rn) cos(wW;pn + @) = > D*(n) cos(p) + > D*(n)cos(2w;zn + @)

whereg is the phase difference between the phase ohph signal and the phase of the local
replica of the carrier phase. On the other hanel ntlaltiplication in the quadrature arm (Q)

follows the expression:

K : . 1 ey (4)
D*(n) cos(w;pn) sin(w;pn + @) = > D*(n) sin(¢) + > D*(n)sin(2w;pn + @)

The low pass filter block eliminates the two tenwvith the double intermediate frequency and

the remained signals may be expressed as:

I* = %Dk(n)cos(qo) (5)

0 = 3 D(msinp) ©

It can be seen that in order to find a term to fleeck to the carrier phase oscillator, the phase

error of the local carrier phase replica can befoas:

R (Q) (7)
@ = tan 3

In order to minimize the phase error, the quadeapirase arm correlation should tend to zero
and the in-phase correlation must be maximum. fisti the output of the phase discriminator
is filtered to predict and estimate any relativeiormof the satellite and to estimate the Doppler
frequency. Notice that the arctangent is not thguendiscriminator type but is the most precise

of the Costas discriminators.

1.3.3.2CODE TRACKING

In a GPS receiver, the code tracking loop is peréat by a Delay Lock Loop (DLL). The main
goal for a code tracking loop is to keep the traglkof a determined code in the signal. The
output of such code tracking loop is a perfectigregd replica of the code. In order to generate
the signal error, which is used as a referencepdyahe necessary corrections and align the
local replica with the incoming signal, the DLL oelates the input signal with three different

replicas of the code also known as Early, Promgtlaate replicas.
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Following the DLL block architecture in Figure ®in left to right, the first step is converting
the C/A code to baseband. This is achieved by piyiltig the incoming signal with a perfectly
aligned local replica of the carrier wave. Latbg signal is multiplied with three code replicas
equally spaced + ¥ chip. Having performed this sdamultiplication, the three outputs are
integrated and dumped. The resulting outputs cfehetegrations are nothing but a numerical

values that indicates how much the code repliceetaies with the code of the input signal.

Integrate > I
: ; & dump
E A
> Integrate » Ip
<§ i} & dump
P A g

Incoming 1
signal >

Integrate > I
& dump

1
Local PRN code
oscillator generator

Figure 5 DLL: Basic code tracking loop diagram

Then, the three correlation outpuliis I, and,are compared to see which one provides the
highest correlation. In case of having a highestatation in the early or late outputs, the local
carrier code phase must be increased or decreasbatsthel, output achieves the highest
possible correlation value. Figure 6 (a) showsearcéxample of code tracking, where the late

code has the highest correlation value, therefemecbdde phase must be decreased.

Incoming signal Incoming signal

Generated signals Generated signals
Early Early
Prompt Prompt
Late Late
Correlation Correlation
A

I - I P

12 ¥ 12 & L

0 L/T 0 /T T\

-1-12 0 1 Chips -1-12 0 12 1 Chips
(a) (b)

Figure 6 Code tracking.
In Figure 6 (b) the highest peak is located afptteenpt replica, and the early and late replicas

have equal correlation. Therefore a properly cduesp tracking may be ensured.
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Assuming that the local carrier is perfectly alignwith the incident signal, the three
correlators’ outputs may be expressed followingateations below:

7|

p@={' "7 1< ®)
0, |t| = T,
Ig(1) = L,(T + %‘) 9)
I,(@) =L,(t— g) (10)

whereT, is the chip timert is the delay code error adds the early-late separation, which use
to be equal td,. From these three correlators’ outputs, diffet@nts of discriminators are
defined. The following lines are just a brief exméon of the most common DLL

discriminators:

e Coherent discriminator: the most common coherent discriminator is knowaay/-
minus-late (E-L) discriminator. As its name suggesinsists of taking as signal error
the difference between the early and late correktd may be expressed as:

Arg_, (1) = %[IE(T) }_) I, (0] (11)

* Non-coherent discriminator: it is used when the hypothesis of having a locaiiea
perfectly aligned is not accomplished. In this jgatar case, the correlator output is
being affected by different effects: an attenuatiadue to the correlation integration in
presence of frequency residual errors and a complationé, due to the integration

of complex samples. Both effects are included enfdllowing equation:

Izl . (12)
1— e, <T
IP(T) _ a( TC e |T| c
0, |t| = T,

In this case the attenuation suffered by the sigméde correlator output is irreparable.
Therefore, in order to avoid this attenuation, ithpact must be previously evaluated
by adjusting adequately the correlator integratiore. Concerning the phase term, in
order to neutralize the possible complex rotatithhe following discriminator is
proposed:

[ye(©)]? = [y, ()] (13)
ve(®]? + [y, (D]?

1
ATE—L,env ()= E
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This discriminator is nothing but a variance of #agly-minus-late discriminator and is
known as normalized early-minus-late envelope. Witlrpose of reducing the
discriminator sensitivity to possible changes ir timput signal amplitude, this

discriminator includes a normalization term.

1.4 ANTENNA ARRAY: BASIC CONCEPTS

The main objective of this section is to give theader an overview of the essential
characteristics of an antenna array, describingtitiscture, the used nomenclature and the
model of the incidental signals into the array. Btorer, the most common geometries will be

presented.

1.4.1SPACE DIVERSITY

Array refers to the antennas set situated in diffespots of the space. This antennas or sensors
set extracts information from the incident wavedd of its vicinity and it can be used to
improve the reception of the signals of interesiswill allow, for example, the determination
of the direction of arrival of an incident waveftpthe estimation of signal emitting sources,

etc.

Arrays processing refers to any method that cohigreses the received information by the
different sensors conforming the array. Any sigmacessing is based on the obtainment of
diversity and on its combination. During array presing, spatial diversity is obtained by
means of a spatial sampling of the incidental wafiglsl. The information obtained by diverse
sensors receiving the same signals can be basis#ly for: the emitting sources location, i.e.
the determination of the direction of arrival oétimcident waves and the creation of a spatial

filter, also known as beamforming.

Taking into account that a spatial frequency cqoesls to a direction of arrival, the array can
be used as a spatial filter, allowing some sp#tegjuencies and blocking others. This array
characteristic allows the fact of invalidating irfitees and maximising the desired signal. An
obvious utility is the case of the GNSS signalsekehit is intended to maximise the direct

signal and to invalidate all others in order tothetminimum error when measuring the pseudo-
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ranges. That is why arrays have found numerousicaipins in radar, sonar, seismology,

wireless communications, radio astronomy, acoustied biomedicine, etc.

1.4.2DATA MODEL

Before talking of array geometries is necessarynéke the assumption that a plane wave
propagating through an isotropic space is recelwedn antenna array that consists of N

sensors located on the space paints= 1..N, Figure 7.

zZ

e

Figure 7 Antenna array receiving signals

Each of the antenna array sensor has a receptgnadng; (6, ¢, p), whered and¢ are the
angles that defines the direction of arrival ofweve ang is a generic parameter that specifies

the dependence with the incident wave polarization.

Taking into account that the receiver performs phasd quadrature processing, in this brief
explanation the incident signals will be treated is low-pass equivalent signal. This
assumption allows handling the expressions on glesmmanner and it does not involve loss
of generality. The low-pass equivalent signal onhesensor may be expressed as a linear

combination of the signals emitted by each sounckaanoise term and may be expressed as:

m

510 = ) 5e(t = T4, 90O Bro Pde I + 1,0 (14)
k=1
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_ kkri 15
Ti,k - Zn_fo ( )

where
* si: Low-pass equivalent signal of the kth source ppegteived from a reference point.
The reference point is one sensor of the arrayraaa point.

* 1;%: Signal propagation time of the soukcom the reference point to theensor.
* k;: Vector wavenumber associated to the signal

* 1;: Position vector of thesensor relative to the reference point.
* fo: Operational center frequency

* n;(t): Low-pass equivalent noise of theensor.

*  9i(6k, Pr, pi): Sensor gain of thiesource wave.

The phase terms appears when replacingt — 7; , in the general analytic signal expression

e_jznfl)t_

1.4.3NARROWBAND ARRAY SIGNALS

The fact of considering that the incident signalghee array are narrow band is to assume that
the temporary delay of the low-pass equivalenhefreceived signals on the different sensors
that form the array can be ignored. This approxiomatill be correct, provided that the inverse

of the maximum delay experimented by the low-pastsveen the two edged sensors on the

array is much higher than its bandwidth and it dépend on the array’s aperture according to:

> B (16)

Tm ax

Tmax -

Dmax (17)
c

whereD,,,, IS the maximum size of the array. So that, thedtan of narrow band may be
expressed according to:
B * Doy L (18)

In the case of working with GPS signals, the narbamd condition is widely accomplished

and thus, the following approximation can be cadroeat:
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Sk(t — Tip) = Si(t) (19)

Using this approximation, it is assumed that tHaydbetween the different sensors is uniquely
represented by the phase difference of the caigeal. The group of signals in all sensors can

be expressed in vector form following the exprassioelow:

x(t) = [x1(8), %2 (8, .o, 2 ()] (20)

n(e) = [ (O (0), o i (O @y)

x(©) = ) su@®alki p) +n(®) 22)
k=1

where a(k, ,px ) is the array manifold associated to the k sigmal @& characterizes the

response of the array of a particular signal.
a(ky,py) = [91 (Or, i, Dr)e 20Tk, . gy (O, ¢k,Pk)e_j2”f°TN"‘]T (23)

Consequently, vector(t) can also be expressed through a product of matrice

x(t) = As(t) + n(t) (24)

where
s) = [s1(8), 52(t), oo, s (@©]” (25)
A = [a(ky, p1): alks, p2): ... alky, pa)] (26)

Assuming that sensors in the array are symmetticalgain can be expressed as a multiplier
factor of the steering vector and it only represemimodification of the signal’'s amplitude
value. Moreover, due to it is aimed to study theads behavior uniquely according to its
geometry, it will be supposed that sensors havey ggaiin for all directions and polarizations.

In this case, the steering vector takes a commpresgion which will be used from now on:

a(ky) = [e™/2hoTuk, . e=/2MfoTnk ]T (27)

1.4.4ARRAY GEOMETRY

In order to introduce the reader to the most baisiy configurations, this section is dedicated

to give a basic overview of some kinds of arrayngeties.
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Figure 8 shows the uniform lineal array (ULA), wiis the most basic configuration of the
antenna arrays distributions. This kind of arragrgetry consists of a distribution of N sensors
equally spaced a distanak and situated along a single axidLA is the most basic

configuration of the antenna arrays distributions.

A

xi(t) |

|l |l — |

—O
x:(t)__b 7
—O

xi(t) |

xn(t) ___b

Figure 8 ULA Geometry

Taking as reference the first sensor of the attay/steering vector may be expressed as:

a(p) = a(u) = [1,e7/t, ...,e‘j(N‘l)u]T (28)

d
u=2x* HT * sin(p) (29)

whereA is the signal wavelengtld, the distance between the adjacent sersdine elevation
angle where the signal is received anthe phase difference of the incident signal betwbe
adjacent antennas. Notice that since the array geggrhas just one dimension, it only allows
discriminating incident signals with angles differdo its axis. However, there are several
applications such as GPS where 2D signals discaitioin is required. In these particular cases

the usage of another kind of sensor distributiomeisded.

The Uniform Circular Array (UCA) is a classic kinfl2-D array geometry and, as may be seen
in Figure 9, is composed of N sensors located amycumference of radius R with an

azimuth or angle to the-axisdenoted withy;. The center of this circumference matches the
origin of the coordinate system and for referenggpses is taken as the phase origin point.
The antenna array performance directly dependd®miamber of the sensors it is composed

of; the most sensors used the better performance.
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ZX4(t)

Figure 9 Uniform Circular Array geometry

In this case, the array manifold may be expressed a

LA sen(@)cos(@-11)
a(8,¢) = : (30)

2R
e] )7:[ sen(0)cos(p—yYn)

1.5MULTI-ANTENNA SYSTEM APPLICATION

Multi-antenna systems provide measurements frofaréifit antennas with a fixed and known
separation between them. These extra measuremmmtsecused for different purposes. In
particular, as this project is focused on detemgrthe location of a GPS satellite, these extra
measurements will be used to compute the directi@mrival (DOA) of a GPS wavefront.

In an ideal configuration and in a clean environiéine measurements received at each
antenna should be the same except for the effaseday the separation between the antennas.
Hence, the analysis performed in this section ballbased on the differences between the
measurements received at each antenna. The umgdedgncept is based on the estimation of

direction of arrival using carrier phase observable

Figure 10 represent a two antennas ULA array reggihe signals emitted by a GPS satellite.
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Figure 10 DOA estimation with ULA array

From the graphy, ,, is the baseline vector that conforms the tworarde and represents the
satellite elevation angle. This last term can bindd in terms of the scalar product as the

projection of the baseline on the line of sightha satellite:

L b, U Apy, A
a = arccos (—) = arcos | —=— | = arccos | —=— (31)
Ly (| 2m by |

Since the Antenna 2 and the point A of the Antehihiae of sight, are at same wavefront, the

magnitude L can be expressed as the differencesleetiihe GPS true ranges of both antennas:
L = ARl,Z = Rl - RZ (32)

In order to determine the satellite elevation bgasin GPS signals parameters estimated, the
measurements that provide most accurate valugbe@rrier phase observables. Unlike the
psudoranges observables, the carrier phase coolddprmeasurements with a precision of

centimeters. The observation equation for RAW eafphase measurements is given as:
@; = R; + common errors + 1; + noise + A N; (33)

wherecommon errors are related to troposphere, ionosphere, orbitsatellite clock errors
and are virtually identical for both antennas (metevel),z is the receiver clock and hardware
bias (meters levelpoise is the thermal noise and multipath (cm level) ahd the integer
ambiguity (cycles).
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Neglecting noise for simplicity and notation, thbape simple differences between both

antennas could be defined as:
Ap, = @1 — @, = ARy, + ATy, + A ANy, (34)

Since thecommon errors are virtually identical for both antennas, thartas canceled by
performing the difference. From the equation, teoris are still disturbing: the differential
receiver clock biasAr;,) and the differential integer ambiguitg/; ;). In principle, in a
configuration where both receivers of the basedinare the same oscillator, one could think
that the differential clock bias should cancel dwwever, additional hardware biases make
this hypothesis difficult to fulfil in practice. lorder to solve this problem, the differential
measurement approach can be based on doublettshesingle differences. For such purpose,
one satellite is selected as pivot (typically time ovith the higher elevation), then the double
differences are defined as the difference betwikesingle differences for both satellites:

A(p{:givot _ A(pf_z _ Aq)f’izvot _ AR{givot n AANlj,,Zpivot (35)
With this approach, the double differential receigi®ck has disappeared, since it is virtually
the same for both single differences. Notice tlyatdmputing the double differential equations
the DOA of the satellite signal cannot be solvad, dnly the differential direction of arrival
(DDOA).
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CHAPTER 2

MULTI-ANTENNA RECEIVER PLATFORM

Depending on the application, a multi-antenna systeay require different levels of

synchronization across multiple SDR’s devices. Sitfte main objective of the proposed
system is to create an easy of deployment mularard receiver platform, this document will
introduce the hardware and software environmend ase the methods applied in order to

obtain synchronization between three USRP2 devices.

2.1 RECEIVER SYSTEM APPROACH

As it may be seen in Figure 11, the receiver syssetomposed of three main blocks. The first
block is formed by an antenna array, which is cosepaof three commercial off the shelf GPS
antennas. The second block is composed of an afrajhree USRP2 radios and their
corresponding synchronization hardware and thd tilock includes the software frontend and
Matlab processing scripts.

ANTENNA ARRAY

‘ ' RECEIVER
d

RECEIVER HARDWARE: RECEIVER SOFTWARE:

* USRP2s * GNU RADIO Front-end
¢ Synchronization ¢ Synchronization
hardware software

Figure 11 Receiver system approach
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The following sections describe the details of ealoak.

2.2 TIME SYNCHRONIZATION CIRCUIT TOPOLOGY

Before talking about the hardware description riesessary to know the different options the
Universal Software Radio Peripherals offers regaydio the system synchronization.
Depending on the synchronization option chosefemrinht hardware would be necessary. The
following section will introduce the synchronizatisolution chosen in order to obtain time-

aligned samples from three different USRPs.

Nowadays there exist two synchronization methodsatiow the user transmit or receive time-

aligned samples:
*  MIMO: MIMO cable.
» External reference: 10 MHz and 1 PPS signals.

The appropriate selection of the synchronizationthow totally depends on the user
requirements. Both methods allow the user to olitaia-aligned samples but the second one
offers more flexibility in terms of creating a sable system. MIMO configuration by itself
supports the synchronization of two front-ends, iehe using and external reference
configuration the user can create a synchronizetésyformed by up to 16 USRPs, and obtain
high accuracy synchronization if a rubidium souscesed as the external reference oscillator.
Since one of the main goals of this project isreate a scalable system, the external reference

synchronization option was chosen.

CLK

HOST
COMPUTER

NETWORK
CABLES

Figure 12 Synchronization hardware topology
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Figure 12 illustrates the hardware topology. Onahe hand, in order to distribute the external
reference signals to the USRPs, an Octoclock-Gcedewiill be used. The Octoclock-G is
nothing but a high-accuracy timing reference anstrithution system, and it will be the
responsible for distributing the 10 MHz and 1 PRfhas generated from an internal GPS-
disciplined, oven-controlled oscillator (GPSDO),the front-ends. The GPSDO serves as an
accurate reference that allows users to time-atighi-channel systems across the globe within
25 ppb. On the other hand, in order to establishmaonication and control with the SDRs, a
host computer and a gigabit switch are needed. mBpg on the host computer operating
system, the communication with the front-ends campérformed through different software.
In this particular case, the communication will feerformed through GNU Radio software

working under Ubuntu.

2.3 HARDWARE DESCRIPTION

As shown in Figure 12, in order to achieve timecéyonization between several USRPs,
external hardware is needed. The receiver hardwaige the responsible for sampling,
demodulating and digital storing the signals reeéiv he following sections describe the main

characteristics of each receiver hardware component

2.3.1USRP2 FRONT-END

A software-defined radio is a system whose compnsach as modulators/demodulators,
filters and amplifiers are controlled by softwanstead of hardware. As it may be seen in
Figure 13, the basic SDR consists of two blocks,@ntered on the analog signal conditioning
and another focused on the digitalization and @siog of the analog signal. Concretely on
this project the SDR model used was the USRP2,iwticrespond to the second generation
of USRP devices created by the company Ettus Resear

The USRP can be divided into two main blocks: Daeddoard and Motherboard. On the one
hand, the first block amplifies and converts theoming L-band signal to intermediate
frequency or directly to baseband using a broadb&hdown converter. Both | and Q channels

include a linear amplifier with variable gain caslfra down conversion mixer and a low pass
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filter with both gain and cutoff frequency control$e filtered signals are further amplified by

a differential amplifier before being sent to thetklerboard.

On the other hand, the Motherboard module digede signal with two high speed ADC at
100 MS/s. Both analog-to-digital converters argelniby an internal 100 MHz local oscillator
which can be trained by an external reference sotimough a phase locked loop. Multiple
USRP2 radios can be synchronized to form a coheneitiple receiver array by locking the
100 MHz internal local oscillator to an externderence clock and a 1 pulse per second input
via a phase-locked loop for precise timing appicat. The center part of the USRP2 board is
the Motherboard which performs the high samplintg rdata processing. The standard
configuration in the receiver signal path includgesnplex mixing which down converts the
baseband signal to zero center frequency, decisttat down-sample the signals and a half-
bandwidth low-pass filters that further reduce slgmal spectral bandwidth by half.

Adjustable
—» " pF —%_

Amplifier
0-19dB

DAUGHTERBOARD
MAX2118

i@q,_.b

Amplifier Amplifier
17dB Gain 0-60dB Gain

Amplifier
0-12dB

"4 Adjustable
P By

Complex
Multiplier

MOTHERBOARD

Half BW cIC
I« LP Filter Filters

A

Half BW [ cic

Q LP Filter |~ Filters

Figure 13 USRP2 block diagram

Finally, the USRP2 combines the | and Q componamis a complex signal which is
transmitted to a personal computer trough gigatheinet interface.

There are several Daughterboards available for (25RBch one of them with a different
operating frequency range. The reason why the SBXahosen as the Daughterboard on this
project was because of its operating frequencyaa88X Daughterboard has an operational
frequency range from 400 MHz to 4.4 GHz, so ithtgtalfills GNSS frequency requirements.
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Furthermore, regarding synchronization featuresfiiers better performance in terms of

automatic software phase alginment.

2.3.20CTOCLOCK-G

Building a multi-antenna receiver require multiplSRP2 SDRs sampling multiple antennas
at the same time. As mentioned earlier, USRP2 lasbility to train its 100 MHz internal
local oscillator to an external reference. By tiragithe local oscillators in all three radios using
the same external reference it is possible to &etsampling synchronization in the receiver
array. Each USRP2 trains its local oscillator bywgsn external 10 MHz reference clock and
a pulse per second signal. The 10 MHz referenakatoused to provide the SDRs a common
external frequency reference and the 1 PPS signigkd to synchronize the sample time across

devices.

To produce a common 10 MHz reference clock andS $tghal an Octoclock-G was used. As
may be seen in Figure 14, this device is nothirtgatmliock distribution module that can provide
both frequency and time synchronization for upiglneUSRPs by amplifying and splitting an

internal GPSDO (GPS-disciplined oven-controlledildor). The GPSDO serves as an
accurate reference that can be synchronized tGR timing standard, this allows to time-

align multi-channel systems within accuracy bettan 25 ppb.

10 MHz 1 PSS
REFIN REFIN POWER

DISTRIBUTION
l ‘
USER[TTT
SWITCH

TIMING & CLOCK]
PSDO

VAAAAAAA AR AAAAAAAY
EESEEEEEEREEERRER
gf: IN' 1 PPS REFERENCES 10 MHz REFERENCES

GPSDO

Figure 14 Octoclock-G block diagram

Depending on the USRP model, the synchronizatipatisignals levels may vary. Table 1
presents the Octoclock-G output signals and the RIBRuirements regarding input voltage

and power levels for both synchronization signals.
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1 PPS SPECIFICATION EXTERNAL REF. SPECIFICATION

OCTOCLOCK-G 5Vpp 6.9 dBm
USRP2 INPUT 5Vpp 5 to 18 dBm

Table 1 External references specifications

In order to distribute the synchronization sigrialall the SDRs avoiding possible phase offsets
caused by cabling and connectors, equal lengthngalhd same number of adaptors on each

front-end were required.

2.3.3SWITCH

As explained before, the Universal Software Radavigheral uses the gigabit Ethernet
interface to establish communication with a persoomputer. In this project up to three USRP
were connected to a single personal computer,esaghge of a gigabit switch was necessary.
Is important to note that some gigabit Ethernetdveis—at least at consumer gradedoes

not fulfills its specifications, bugs in hardwaresthn may cause fatal packet losses. Therefore,
not all the gigabit Ethernet switches on the mavkatld work properly under the continuous
stress produced by the different USRPs data trassoms. In brief, to avoid problems
regarding data loss and following the manufactsreecommendations, the switch Netgear
GS108 was chosen.

Figure 15 Netgear GS108 switch

Figure 15 shows the frontal panel of the GS108ctwifAs may be seen, it consists of 8 gigabit
copper ports with 2Gbps bandwidth per port that l@liow the connection up to 7 USRPs

working simultaneously.

Notice that in order to avoid packet losses duwegossible switch saturation or link congestion,
is important to limit the maximum data rate to tensmitted. As may be seen in the Figure 12,

depending on the USRP output data rate and foaratssible bottle neck could be produced
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on the link that connects the switch and the pexlscomputer. Following the diagram depicted
in Figure 12, the maximum transfer rate was limitedlGbps and was imposed by the
maximum data rate of Cat5e Ethernet chords uselisproject. The USRP data transfer rate

(DTR) may be expressed following the expression:

Msam

p bit
] * Sample data format [ ] (36)

USRP =S l t [
DTR ample rate samp

Having configured the USRPs sample rate to 5 MBdsthe sample data format to 32 bits, it
is trivial to determinate that the maximum datasfar rate per USRP was 160 Mbps and the
maximum system transfer rate was 480 Mbps. Thezgfath this configuration of the USRPs,

the possible bottle neck was avoided.

2.4SOFTWARE ENVIRONMENT

In order to create a useful guide that may helpréutesearchers to record signals with the
multi-antenna receiver, the following section islidated to define and describe the software

used to establish communication with the SDR’s.

2.4.1USRP-PC COMMUNICATION

In this section, the methods and protocols usedtablish communication between the SDR’s
and the personal computer will be defined. Spedific the purpose of using UHD and GNU

Radio platforms will be explained.

UHD is nothing but a driver that should be inst@lie both the PC and USRP. By contrast,
GNU Radio is a free and open-source software thatighes signal processing functions. In
order that GNU Radio can work with the received plas the need to establish a
communication with them is needed somehow. Hetfeeipoint where UHD and GNU Radio’s

paths come together. GNU Radio integrates the UH\Rdin form of a package which is used
as an interface to connect, send and receive éatgebn the USRP’s.

« UHD COMMUNICATION

The communication between the SDR’s and the pelsmraputer is carried out

through IP protocol and UDP packages, which allthes user to connect multiple
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devices to the same PC by using an external HUBdisithguishing the different
USRP’s through its IP’s.

Furthermore, as explained above, it is importarditierentiate the distinct parts that
form the UHD system. Therefore the driver can lassfied in two different groups

depending on the end device:

o0 UHD-USRP: Driver/Image that is programmed on thd(RBFPGA and it is the
responsible of both the communication with the PQd athe

transmission/reception to the RF stage.

o UHD-PC: Driver that captures and makes availabthéousers the packets that

are sent through the Ethernet port.

For more information regarding UHD installatione®NNEX I.

GNU RADIO

GNU Radio is a free and open-source software dpuatnt toolkit that provides signal
processing blocks to implement software radiostv&ok radio is a radio system that
performs the required signal processing in softwargead of using dedicated
integrated circuits in hardware. The software esmlthe user to perform the entire
signal processing graphically using the interfaddJRadio Companion (GRC). This
approach enables the user to process signals sintptgonnecting predefined filters,
channel codes, synchronization elements, and ntéwey elements (blocks). In case the

defined blocks do not fit the user specificatidmsytcan be easily tuned or replaced.

Although the GRC signal processing is based onirttexconnection of predefined
blocks, the resulting software output is a pythodeccontaining the whole information
regarding the graphical interface design. Throlghadpproach the user is free to hand
modify any desired parameter of the generated systede and adapt it for his

convenience.

For more information regarding GNU Radio instadiaf see ANNEX |I.
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2.4.2DESIGNING A MULTI-USRP RECEIVER SYSTEM

The following section explains how to synchronizaltiple USRP devices with the goal of

receiving time-aligned samples.

2.4.2.1DEVICE SYNCHRONIZATION

Nowadays, there exist more than one method to aelsgnchronization between several
USRPs, however, this section particularly detadsvhio achieve a device synchronization
using an external PPS and clock signals. Noticettismimportant to know your SDRs features

before choosing the synchronization method to use.

In order to form an antenna array system compo$esDdRs, the USRP boards must be
synchronized. Originally, each board contains #endocal oscillator locked to its own

reference signal which will cause phase drift betwehannels and misalignment of samples
collected at the same time in different boards.r&he where a common clock and PPS

reference signals take part:
* A 10 MHz reference is used to provide a singledssgy reference for the devices.
* A pulse-per-second (PPS) is used to synchronizedimple time across devices.

Typically, both signals are provided by an exte@@RISDO but depending on the SDR model
these signals may be provided from an optionakmaleGPSDO. The first signal provides a
reference for the system clock and local oscillatbowing this last one to be tuned to the same
frequency giving a frequency synchronized systeinme. §econd signal is used to synchronously
latch a time into the device. There exist seveahmands either to initialize the USRP’s
sample time either to zero or to an absolute tisuwgch as GPS. In order to achieve
synchronization on the devices of this projectgdaesn’t matter the exact time when you
initialize the time on the SDRs, it only mattergtesure the front-ends initialize its sample time
simultaneously. Having this in mind and since oriethe goals is to create an easy of

deployment platform, the GRC synchronization metivtbe explained.

GNU Radio Companion allows the user to synchromuéiple USRP’s simply by creating a
single block which is capable of control the whdéyices. The properly configuration of this
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block could be found in the Appendix I; now empbkasill be put on the method that the

software uses in order to synchronize the SDR’s.

In order to achieve time synchronization using exePPS and clock signals, GRC software
uses the functioset_time_unknown_pps(uhd.time_sped{}le use of this synchronization
command is convenience if the user is not intedasteen the PPS will trigger, it will wait for

a PPS on one of the devices, and then will inté&athe whole devices timestamps to zero using
the commandet_time_next_pp# is a 2-step process, and takes at most 2 dedorcomplete.

Upon completion, the times will be synchronizedhe time provided:
» Stepl: Wait for the last pps time to transitiorcébch the edge.
* Step 2: Set the time at the next pps (Synchronmualif boards).

It is important to notice that theet_time_unknown_pps¢pmmand call is only useful for a
device session object with multiple USRPs in itthié user makes separate objects for each

USRP, will want to manually:
* Wait for a PPS on one of the device by calljgg_time_last_pps

» Callset_time_next_pps all devices

2.4.2.2MULTI-USRP RECEIVER IN GNU RADIO

As explained before, GNU Radio is a collection @bl$ that can be used to develop radio
systems in software as opposed to completely idvieate. The software includes a graphical
interface, GNU Radio Companion (GRC), which is isoilar to Simulink and that allows the
user to process signals simply interconnectinggfreed blocks. GRC was created to simplify
the use of GNU Radio by allowing the creation offyoy files graphically instead of creating
them just in code alone. Following this approadte Multi-USRP receiver was designed

simply by interconnecting predefined blocks.

As shown in Figure 16, the GNU radio Multi-USRPea®er consists basically on five different

interconnected blocks:
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OPTIONS FILE SINK

options USRP SOURCE @
1D: GPS_datagrabber USRS
% Flle: 16810! IP1C1.bi
Generate Options: No GUI HEAD ] o ”ud"o" )
Run Options: Run to Completion Append m Overwrite
Complex To Real [T}
Variable T L File Sink
1D: samp_rate p File: ..5216810LUSRPICq.bin
- Device Addr: addr0..168.10.3
RIS | e B
MbO: Clock Source: External fand Appand - Overwis
Veriable MbO: Time Source: External L
1D: gain Mb1: Clock Source: External S
Value: 15 ::;::"b':'ks;';’“: EE"“"“'I Flle: .92168102/USRP281.bin
: ree: Extema
Unbuffered: Off
Ma2; Yima Sowrce: Stermal ﬂ Append file: Overwrite
Variable Samp Rate (Sps): SM
1D: center_freq ChO: Center Freq (Hz): 426G
Value: 1.57542G | | cho: Gain (dB): 15 Complex to Imag [out] File Sink
Cho: Antenna: TX/RX File: ..92168102USAP28a.bin
Variable Cho: Bandwidth (Hz): 40M Unbuffered: Off
1D: Samples Ch1: Center Freq (Hz): ..42G Append file: Overwrite
Value: 50M Ch: Gain (dB): 15 Head
Ch1: Antenna: TX/RX File Sink
o Ch1: Bandwidth (Hz): 40M Complex To Real I} (] Fie: - S2168103USRP3ALbin
T =i Ch2: Center Freq (Hz): ..42G Unbuffered: Off
Vot 1055 || cha: Gain (dB): 15 Append file: Overwrite
s Ch2: Antenna: TXRX Complex to Imag (3]
Ch2: Bandwidth (Hz): 404 Fr
Variable i File: .92168103USRP3AG bin
1D: band Unbuffered: Off
Value: 40M VARIABLE Append file: Overrite

Figure 16 Multi-USRP GPS receiver

» Options: used to set the global parameters.

* Variable: in order to make the resulting python code morelabbe, the usage of

variables to define constants or basic mathematjpatations is recommended.

* USRP Source:this block basically acts as a USRP driver andhésdne in charge of

USRPs configuration and synchronization.
» Head: this block is used to restrict the number of sampbereceive.

» Complex To Real/lmag:the USRP digitalize the RF signal acquired in favfma
complex stream (IQ data). This block filters theaming 1Q signal depending on the

interested component.

* File sink: This block is used to save the incoming USRP digéd data in a binary

file.

Once the graphical design has been done, a pytleedntaining the full code generated
graphically with GRC is created. The Figure 17 shaiwve basic Multi-USRP receiver

parameters that can be easily hand changed byéneruorder to test different configurations.

SRR R R R
# Variables

B R A T R R R G R R R R
self.samp_rate = samp_rate = 5*1000000

self. Tiempo_sec = Tiempo_sec = 10

self.gain = gain = 25

self.center_freq = center_freq = int(1.57542e9)
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self.band = band = int(40e6)

self.Samples = Samples = Tiempo_sec*samp_rate
b L

# Blocks

SRR R R R

self.REAL_3 = blocks.file_sink(gr.sizeof float*1, "/home/USRP3i.bin ", False)
self. REAL_3.set_unbuffered(False)

(-]

self.IMAG_3 = blocks.file_sink(gr.sizeof_float*1, "/home/USRP3qg.bin ", False)
self.IMAG_3.set_unbuffered(False)

Figure 17 Python variable code

For more information regarding the design of a MUBRP front in GNU Radio, see ANNEX
l.

2.5TESTING THE MULTI-USRP RECEIVER

Having explained the time synchronization circoipdlogy and the hardware and software
environment used to synchronize multiple front-enks full system was tested following the

diagram depicted in Figure 18.

PPS

CLK

HOST
COMPUTER

NETWORK
CABLES

Figure 18 Synchronization test diagram.

As seen in the diagram, a sinusoid tone was gestenaging a signal generator and was
distributed to the front-ends employing a 3-waytspl and matched length cables of the same
type and connectorization. The samples were synclusly recorded using the Multi-USRP
receiver (Figure 16) and stored in two differetddifor each USRP. The first file contains the
in-phase (real) signal component and the secondtle@equadrature (imaginary) signal

component.
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USRPs Original Signals
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Figure 19 USRP real part data acquired.

Figure 19 shows the real data acquired by each UgRPnoticeable that the tones acquired
by the different front-ends are the same frequéntyhase differenced. This phase differences
are due to phase ambiguities caused by phasedddotaps which are used for up and down-
conversion and may change randomly each time thBsSBre tuned. There are more
components aside from local oscillators that cbaote to phase errors; filters, mixers and other
components produce phase offsets that may vary twite, temperature and mechanical

conditions.
USRPs Signal Phase
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Figure 20 USRPs Phase differences
Figure 20 shows the signal phase of each USRPhenphase differences between the signal

acquired with USRP2 and USRP3 compared with theas@cquired by USRP1. USRPs phase
differences are may be expressed by:
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P21 = P2 —Pq (37)
P31 = P3 — Pq (38)

where g, is the signal phase of each USRP and is the phase difference between USRPX
and USRP1. It is noticeable that, at least a ptilbe signal phase differences are constant along
a short period of time, being the differengg approximately 55 degrees apgd,; almost 17
degrees. These phase differences changes randdtatyeach retune; therefore if phase
alignment is required, this random phase offset ineisneasured and compensated in software.
Furthermore, as depicted in Figure 21, dependingemperature and mechanical conditions,
USRP phase offsets may be affected producing asuit phase offset variations over time.
Thus, in order to obtain time and phase alignedpésnit is necessary to perform a periodic

phase calibration.
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Figure 21 USRPs phase differences time variance

The phase calibration method proposed is perforimiémiving the phase correction approach

described below:

P2 =Py — Pr1 = Pq (39)

Q3 = @P3 — P31 = Py (40)

Both formulas take as reference the USRP1 signasghso that once performed the phase
correction, the 3 SDRs signals phases would bsah®. In order to phase correct the complex
data recorded by each USRP it would be enoughdsepbalibrate the signals by multiplying
the recorded data per a complex exponential foligwhe expression below.
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USRPXpara_arignep = USRPXpyrg * e779%1 (41)

Figure 22 shows the front-ends phase differendes applying (41). It is noticeable that after
performing the phase correction method, the phafgehces tend to zero, which means that
the USRPs signals were phase aligned correctly.
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Figure 22 USRPs Phase differences after correction

Finally, Figure 23 shows the comparison betweehda&a acquired by each USRP before and
after performing the phase alignment.

USRPs Original Signals
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Figure 23 USRPs real signal data corrected

Having executed the phase compensation methotheaand phase alignment between the

signals acquired by the different front-ends caetsured.
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2.6 TIME AND PHASE ALIGNMENT CIRCUIT TOPOLOGY

In light of the results achieved in the last sett@ periodic phase calibration is needed if time
and phase alignment is a requirement. In ordeetéopn samples phase alignment, a phase
correction method should be carried out. Dependmthe USRP model, this phase correction
can be performed in software simply by modifying ffython code obtained after generating
the flow graph in GRC (Figure 17). But, since tH2RS model used on this project does not
support phase compensation by software commanidspithicess should be carried after the

data collection by performing data phase alignnmresbftware.

Nowadays, there exist more than one way to achphase-aligned samples by using an
external calibration signal. The most used phaseection method is based on directly

applying an external calibration signal to the secport of each of the USRP boards in the
array and thus discover the phase ambiguity withalibration step. A clear disadvantage of
using this phase correction technique is the neadgaike a clear distinction of the target signal
from the calibration tone. This calibration sigihas to be separable in some way from the
target signal so that after performing softwaré¢efihg the target signal can be clearly

differentiated.

GPS ANTENNA ARRAY

YYVY

NETWORK

CALIBRATION SIGNAL

Figure 24 Time and Phase synchronization circuit apfmach

As may be seen in Figure 24, considering that théifantenna receiver created has GPS
applications, a synthetic GPS signal is proposethasphase calibration signal. This GPS

synthetic signal is nothing but a pure fictitiouP & satellite signal that is distributed on the
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front-ends by using a splitter and matched lengihles. The proposed approach allows the
user to correct the USRPs phase random offsetsobypensating the phase differences
observed from a common calibration signal, letting real GPS phase differences observed
are due to the antenna array position. Noticeisrettsolutely crucial use matched length cables
in order that every single front-end receive exaittt same phased signal.

PRN 2
-
PRN 1 PRN 3

Antenna

o —

Calibration Signal

Figure 25 Detail - Calibration signal combining ciicuit

Figure 25 shows a detailed view of the proposedloalibration method. Notice that in order
to facilitate the diagram comprehension, the cirpugsented is reduced to a single front-end.
Unlike the basic calibration method explained befdhis approach removes the software
filtering requirement. The real GPS data acquingdhe antenna is combined with the phase
calibration signal using a GPS Combiner and ihjsdted to the RF input port of each front-

end. This procedure simply adds a fictitious GR8lk@ data to the real GPS data acquired by
each USRP so that the impact in the receiver anlglves the detection of one more GPS

satellite signal.

2.7HARDWARE UPDATE

In light of the results achieved with the time dyranization circuit (Figure 12), an external
signal to perform phase calibration was neededm@g be seen in Figure 24, in order to
generate and distribute the phase calibration kignene hardware devices were added to the
basic time synchronization circuit. The main chaeastics of the new hardware are described
on the lines below:
* Phase calibration signal generatarthere is more than one way to generate and replay
a synthetic radio frequency GPS signal: from usingexpensive and unwieldy signal

generator to a low-cost dedicated signal generadting advantage of the available
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material on the Telecommunication department, tiheesen GPS signal replayer was
the Labsat.

- —— e —— RS

[ tabsaty o ®ud

6666066

Figure 26 Labsat front panel

The Labsat is a global navigation satellite systeceiver which is capable of recording
and replaying real GNSS satellite signals and wessgded to test and develop GPS
engines. This device was designed to record andyrepal GNSS data as well as to
recreate the reception of GNSS signals anywhetberworld. For the latter, Labsat

uses the SatGen software that allows to simulat@stl any kind of test, at a set time
and date, anywhere in the world. Table 2 showsthi@ parameters to take into account

when testing a GPS front-end.

LABSAT SPECIFICATIONS

Sampling frequency: 16.368 MHz
Quantization: 1 bit

RF Output power: -85 dBm to -115 dBm
Output signal Frequency: 1575.42 MHz

e el 16.368 MHz Temperature controlled +/-2.5ppm.
Long term stability +/-1ppm
Table 2 Labsat specifications

Notice that since this signal generator needs sopat computer with Windows
operative system, and the operative system usethi®project was Ubuntu, it was
necessary to add a secondary personal computaneatksiniquely to control this
device.

Combiner: in order to combine the phase calibration signal #re real GPS data
acquired with a GPS antenna, a combiner was ratjuifable 3 shows the main

specifications of the combiner used on this project

C21 COMBINER SPECIFICATIONS

Frequency range: 1-2 GHz
In/Output Impedance: 50Q
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Gain: 1.5dB
Max RF Input: 30 dBm

Table 3 C21 combiner specifications

» Splitter: in order to distribute the phase calibration sigoalll the front-ends, a splitter
was required. The chosen splitter was a one-ifput-output GPS device and was
designed to split the received input up to fourides. Table 4 shows the main

specifications of the splitter used on this praject

S14 SPLITTER SPECIFICATIONS

Frequency range: 1-2 GHz
In/Output Impedance: 50Q
Gain: 21 dB
DC IN 3-16 V
Max RF Input: 0 dBm

Table 4 Splitter specifications

Having explained the basic specifications of thié liardware used, some tests were carried

out in order to check whether the signal combimagéipproach worked properly or not.

2.8 SIGNAL CALIBRATION TEST

In order to check the calibration signal influermeer the real GPS data acquired by the

antennas, three tests were performed followinglthgram depicted in Figure 27.

Splitter galn: 21 dB

Labsat RF Qutput power:  Attenuation: 40dp  Labsat RF Output power e
-85 dBm to -115 dBm attenuated: A

Q . ..-)f,f/‘ -125 dBm to -155 dBm —?. _ﬁ:?‘_ J
LY ‘b-\ 3
USRP

Final Labsat RF output power:
-104 dBm to -134 dBm
GPS RF sigal power: i mwig
-125 dBm to -150 dBm  Antenna LNA gain: 40 dB

-

GPS RF signal power:

.& )))) ? a5 damio 20 dem \f/\"

Combiner

Figure 27 Testing the phase calibration signal inflance
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For the purpose of having a pure GPS fictitiousalign terms of carrier to noise density, the
phase calibration signal reference was generatdd54i dB-Hz ofCN /0 and with an output
power of -85 dBm, for all tests. The attenuatiaygstwas the only parameter that changed all
along the experiments. So that, the phase calioragignal output power was the only

difference between the tests.

The first test was performed using an externahattdon of 15 dB on the Labsat signal, which
implies a phase calibration signal output power1®f0 dBm. As depicted in Figure 27, the
calibration signal attenuated was distributed ® $DRs through a 4-way splitter and mixed
with real GPS data, acquired with a GPS antennagumbiners. Notice that in order to
obtain some reference values of pure real GPSIsigB®S data was recorded directly from

the antenna and some seconds later the phaseatalibsignal was combined.

FIRST TEST
Antenna Signal Antenna Signal + Labsat Signal (-85 dBm) - 15 dB attenuation Difference
SATELLITE CNO [dB-Hz] SATELLITE CNO [dB-Hz] Difference [dB-Hz)

PRN 2 43,93491651 PRN 2 x SIGNAL LOST
PRN 8 49,83028449 PRN 8 35,67901354 14,15127095
PRN 11 PRN 11 50,99369985 | LABSAT SIGNAL
PRN 12 45,66811795 PRN 12 x SIGNAL LOST
PRN 20 43,15276969 PRN 20 x SIGNAL LOST
PRN 21 49,62707137 PRN 21 38,64132342 10,98574796
PRN 25 44,40402218 PRN 25 32,35961984 12,04440234
PRN 26 48,24356271 PRN 26 14,38860072 33,85496199
PRN 29 45,17784497 PRN 29 x SIGNAL LOST
PRN 31 48,93985645 PRN 31 34,45964303 14,48021343

Average loss [dB-Hz]= 17,10331933

Table 5 First test: GPS real data and fictitious GPSignal combination

As shown in Table 5, after applying 15 dB of att&tan on the phase calibration signal, an
average loss of 17 dB-Hz is observed over real @&&. This outstanding loss on the carrier
to noise ratio may imply high degradation and ethentracking loss of many signals. From

this results, it can be determined that a highemattion of the phase calibration signal is
required in order to achieve a minimal impact awal GPS data. For the second test, 30 dB

of attenuation on the phase calibration signal wsesl.
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SECOND TEST
Antenna Signal Antenna Signal + Labsat Signal (-85 dBm) - 30 dB attenuation Difference
SATELLITE CNO [dB-Hz] SATELLITE CNO [dB-Hz] Difference [dB-Hz]
PRN 5 42,3749404 PRN 5 36,46315537 5,911785027
PRN 8 47,29482168 PRN 8 45,86512347 1,42969821
PRN 11 PRN 11 46,78277149 LABSAT SIGNAL
PRN 16 49,77107927 PRN 16 46,15927438 3,611804888
PRN 18 47,75629808 PRN 18 46,46618577 1,290112311
PRN 20 41,75217096 PRN 20 39,49332839 2,258842566
PRN 21 41,92197055 PRN 21 40,79519273 1,126777827
PRN 25 46,31504373 PRN 25 39,27912463 7,035919105
PRN 26 48,33101147 PRN 26 45,90242647 2,428585002
PRN 29 46,75012859 PRN 29 44,77443197 1,975696626
PRN 31 41,69270223 PRN 31 45,17530875 -3,482606521
Average loss [dB-Hz] = 2,706922156

Table 6 Second test: GPS real data and fictitious GFsignal combination

As it appears from Table 6, after applying 30 dBtlom attenuation stage, an average loss of
2,7 dB/Hz over real GPS data is observed. Compdhiege results to the ones from the first
test, a visible improvement is considerable. #i$® noticeable that the phase calibration signal
carrier to noise density decreased from 51 dB/HzZ6¢/ dB/Hz which means that the
attenuation stage causes a degradation of theratadib signal quality in terms of C/NO; the

highest attenuation used, the lowest carrier teendensity measured.

THIRD TEST
Antenna Signal Antenna Signal + Labsat Signal (-85 dBm) - 40 dB attenuation
SATELLITE CNO [dB-Hz] SATELLITE CNO [dB-Hz] Difference [dB-Hz]

PRN 5 40,23325895 PRN 5 41,73837754 -1,505118585
PRN 8 48,32646265 PRN 8 47,65925523 0,66720742
PRN 11 PRN 11 42,04820998 I LABSAT SIGNAL
PRN 16 45,16923649 PRN 16 43,29931955 1,869916938
PRN 20 39,18154283 PRN 20 38,01318868 1,168354156
PRN 21 46,68288852 PRN 21 45,6525642 1,03032432
PRN 23 41,03681212 PRN 23 41,72086212 -0,684049992
PRN 25 47,21864519 PRN 25 44,85259878 2,366046407
PRN 26 49,97778815 PRN 26 49,68344534 0,294342804
PRN 29 50,3592092 PRN 29 48,61433339 1,744875806
PRN 31 47,76299549 PRN 31 46,08133325 1,681662234

Average loss [dB-Hz] = 0,863356151

Table 7 Third test: GPS real data and fictitious GPignal combination

Finally, the third test stands for using an attéiomestage of 40 dB. Table 7 features real GPS
data degradation after combining 40 dB attenuatexs@ calibration signal. In this case, in
contrast to the previous tests, an average l08s86f dB/Hz over real GPS data is detected.
Moreover, once again, the phase calibration sigaateases from 51 dB/Hz to 42,04 dB/Hz.
The mentioned result may be considered a remarlddasease on the calibration signal but
42,04 dB/Hz of C/NO is comprised inside the stadgarameters of strength GPS signal. In
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light of the obtained results, a minimum impactloa real GPS signal can be ensured by using

an attenuation stage of 40 dB over the phase asbiorsignal.

2.9PHASE CALIBRATION METHOD TEST

Once verified—in the previous sectiea that the fact of using an adequate attenuatiayesta
in the calibration phase signal is crucial to camebthis signal to other received by a GPS

antenna, a test of the phase correction methodifunireg was carried out.

Up to this point, it has been demonstrated thaatibgnuating 40dB of the calibration phase
signal, a minimum impact over the real GPS sigisateached and, moreover, it is possible to
obtain a powerful level of the calibration signatérms of carrier to noise densityith a view

to verifying that it is really possible to use atteznal signal to correct the existing random
phase offsebetween the signals received by the USRPs, sortseusisg the circuit shown in

Figure 28 were carried out.
GPS Antenna Phase calibration signal

T L=

8-Way Splitter l
: "¢ 40dB
&y Atenuation

LR

G

A 4-Way Splitter
oD,

q
o

L L

Figure 28 Phase calibration test circuit

Combiners

USRPs

On the one hand, as shown in Figure 28, the cimuiisists of a phase calibration signal
generator, an attenuation stage of the same arwdag 4plitterin order to distribute this signal
to the different combiners. On the other handcihauit also has a GPS antenna whose signal

is routed to combiners using an 8-way splitk@nally, the signals coming from the two splitters
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are combined and distributed to the different fremtls using combiners. The fact of processing
the registered data obtained from the differenhthendswants to verify that the signals
recorded by the devices are exactly the same &ptinpose of ensuring the synchronization
in time and phase of the received signals by tfferdnt USRPs—once rectified the random
phase offsedf the receivers.

In order to perform an acquisition and trackifgthe obtained GPS signals by the different
USRPs, a MATLAB-based software receiveais used. Specifically, in order to compute the
phase differences between the various USRPs sigaatsded, the Integrated Carrier Phase
(ICP) tracking output was used. Although the ICBften used to smooth code pseudorange
for improving accuracy of positioning, in this cagewas used to determine possible phase

differences among the USRPs recorded data.

Firstly, with a view to determine the existing rantdphase offsdietween the different USRPs,
the phase difference among the registered sigyalsebdistinct devices was calculated using

the following equations:

P21 = Pr2 — P11 (42)

Pr31 = Pr3 — P11 (43)

where ¢, x; is the phase difference of the calibration sigretiveen USRPX and USRP1 and
@.x 1S thelCP of the calibration signal recorded by each devik®seen in (42) y (43), the
phase differences are calculated by taking theasighase registered by one front-end as a
reference, so the ICP differences observed aréivelt the carrier phase estimated by the
USRP1. The detected calibration signal phase éffieg by each device is equivalent to the
existing random phase offset among the various WS&RI it needs to be continuously
compensated in order to guarantee sample phaseraig between the different front-ends

Once calculated the current random offeetween the USRPs in (42) y (43), it was
compensated using the equations below:

P2 = Q12— P21 = P11 (44)

O3 = Q13— P31 = P11 (45)
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whereg, y' is equal to the calibration signal phase registesethe USRPX once compensated.
By extracting the random phase offsitta/as possible to get the same calibration sidgoal
each device recording, so that the phase diffeeebedween the rectified signals and the

reference one were zero. Equations below cleadwshe reasoning applied:

V121 = Py — @1 =0 (46)

Y131 = Q3 — P =0 (47)

whereg, v/, IS equal to the calibration signal phase diffeeeamong the recorded an phase
rectified samples by USRPX and the reference feorat-

Once defined the phase correction method, its itnpaer real GPS signals obtained by the
antenna was studied. The following equations shmnekpected effect on the satellite signal

phase received by the antenna:

¢'s, = (P52 — (Pr2 — ¢11)) (48)

<P’53 = (¢s3 — (P13 — P11)) (49)
whereg’,, is the satellite signal phase received by USRRet afiodifying the random phase

offset. So that, the satellite signals phase difiee—once rectified— can be defined by:
@'s21 = 90'52 — @s1 = (@s2 — ¥s1) — (@2 — P11) (50)

@'s31 = <P'53 — ¢s1 = (Ps3 — ¥s1) — (@3 — Pr1) (51)
whereg’sy, is the real GPS satellite signals difference betwdSRPX and USRP1.

Once established the phase correction method, st imglemented by combining a phase
calibration signal in the form of a fictitious GR&tellite with real GPS signals recorded by a
unique antenna. As seen in Figure 28, in ordehexk the proper functionality of the phase
rectifying method, some tests were carried outgusire same GPS antenna so that, all the
received signals by different front-ends were dyabie same. This test wanted to prove that,
once applied the phase compensation method on dbeived signals by two of the
USRPs—using (50) and (53, a phase difference close to zero should be ddaoth to
satellite signals and reference signals, as thewolg equations show:

@'s21 = (Ps2 — ©s1) — (P12 — ®11) = Porrser21 — Porrsera1 = 0 (52)
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@'s31 = (Ps3 — Ps1) — (P13 — P11) = Porrsers1 — Porrsers1 = 0

As seen, theoretically, it should be possible tecgtthat the existent phase offset between two

different USRPs is exactly the same for any regstsignal—by applying strictly the same

signals to the 3 different front-ends input.

Down below, the following example shows the obtdinesults after applying (50) and (51).
The PRN code assigned to the fictitious sateliiie,one that was used as a phase calibration

signal, corresponds to PRN 17; the rest of the £odake reference to the real GPS signals

obtained using the antenna.

Radians

PHASE DIFFERENCE USRP2-USRP1

— PRN4
— PRN8
PRN10
PRN11
PRN14
PRN16
PRN17
PRN18
—PRN19
— PRN22
— PRN26
— PRN27
— PRN30
— PRN32

0.5 1 15 2
Samples

Figure 29 Phase Difference USRP2-USRP1
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Figure 30 Phase difference USRP3-USRP1
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As Figure 29 and Figure 30 show, the obtained tesuk not the expected ones. As these
graphs present, the phase differences are not wazgero for some satellites. Instead of this,
there existr radian gaps between the expected phase differandethe obtained one;
remarkable fact because, as commented above saibdied signals to the different USRPs
were exactly the same. This lack of precision @ghase difference calculation is due to the
Phase Locked Loop (PLL) of the used receiver. Thpleyed Matlab based receptor uses the
Costas loop to estimate the received signal pAdsementioned recepterdepending on the
signal disturbances and the way the loop starts- @an randomly estimate a signal phase
converging in values with &r difference. The ambiguity is intrinsic becauseadhtains a
signal with bits of +1 or -1 and, consequentlgatises an ambiguity of 180° in the signal phase

estimation.

For the purpose of correcting this phase ambigecatysed by the PLL of the receptor, the

method shown in Figure 31 was used.

% Navigation data bit differences detection USRP2-U SRP1
if NavData_Ant2(count2,:) - NavData_Ant1(countl,:) == 0
Sat_ind2_1=1;

end

% Navigation data bit differences detection USRP3-U SRP1
if NavData_Ant3(count3,:) - NavData_Ant1(countl,:) == 0
Sat ind3 1=1;

End

% Navigation data bit differences detection USRP3-U SRP2
if NavData_Ant3(count3,:) - NavData_Ant2(count2,:) == 0
Sat ind3 2=1;

end

% Antenna 2 Phase correction

if Sat ind2_1==0&& Sat_ind3_2 ==

Phase_Antenna2(count2,:) = wrapping(Phase_Antenna2( count2,:)+pi,pi);
end

% Antenna 3 Phase correction

if Sat_ind3_1==0&& Sat_ind3_2 ==

Phase_Anten na3(count3,:) = wrapping(Phase_Antenna3(count3,:)+p i,pi);
end

% Antenna 1 Phase correction

if Sat_ ind2_1==0&& Sat_ind3_1 ==

Phase_Antennal(countl,:) =wrapping(Phase_Antennal(c ountl,:)+pi,pi);
end

Figure 31 Phase ambiguity correction
48



This method basically involves the use of the Nawran Data Bit of the received signal as an
indicator of possible errors on the estimated phélse 180° ambiguity of the Costas PLL can
be resolved by referring to the bit detection reetithe navigation data bit demodulation. If
the navigation data bit estimated in two signathéssame, then the carrier phase indicated by
the Costas PLL is correct. On the opposite, ifdat navigation data bit is inverted, then the
carrier phase indicated by the Costas PLL phaséeamrrected by adding 180° to the faulty
signal phase. Figure 32 and Figure 33 shows thdtseacquired after applying the phase
ambiguity correction method.
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Figure 32 USRP2-USRP1 Phase differences after applg phase ambiguity correction
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Figure 33 USRP3-USRP1 Phase differences after applg phase ambiguity correction

As reflected in the graphs above, the obtainedltsesiiter applying the phase ambiguity
correction accord to the expectations. Althoughfirat glance, it seems that the lack of
49



precision on the double differences calculation besn solved after correcting the phase
ambiguity, it is worth noticing that, in case ofadyzing obtained results in detail, there exist

some errors which vary depending on the used &ads.

On the one hand, for the case of the phase differebetween USRP2 and USRP1 (Figure 32),
it may be observed that there exist an error—6f04 rad in the satellite signal phase

differences. On the other hand, for those diffeesnmetween USRP3 and USRP1 (Figure 33),
it can be deduced that there exist an errer@01 rad in the satellite signal phase differences.
The reason why the satellite signal phase diffexerare not exactly zero is due to the use of
different splitters model both on the signal frame tantenna and the one from the calibration
phase signal generator. So that, it could be dwtlthe obtained values on the results are
product of the phase differences on the differplitters outputs. The equations below —based

on (50) and (51)— show the applied reasoning:

@521 = [¢0FF5ET21 + ‘PSPT_A21] - [‘POFFSET21 + <PSPT321] = Qspr_a21 — PspT_B21 (54)

@531 = [(POFFSET31 + ‘PSPTA31] - [<P0FFSET31 + <PSPTB31] = Qspr_a31 — PspT_B31 (55)

where parametesspr 4x1 aNd@spr px1 Make reference to the phase difference of théespli
A and splitter B ports, respectively. As shown, adsed values in satellite signal phase
differences correspond to the existent phase diffegs of the splitters’ multiple outputs that

were used to distribute signals in the circuit shawFigure 28.

After seeing that an external signal can be usedlibrate the current random phase offset of
each USRP, the temporary synchronization of thestergd samples by each front-end was
checked. One way to check the samples synchronmiz&ito use the Code Phase Tracking
output parameter as an indicator of a possible tageamong the registered signals. A GPS
receiver determines the travel time of a signahfeosatellite by comparing the pseudo random
code it's generating, with an identical code indigmal from the satellite. The receiver "slides"
its code later and later in time until it syncswiph the satellite's code. The amount it has to
slide the code is equal to the signal's travel ti@ede Phase parameter is nothing but these
propagation times expressed in chips or meterssapdrticularly used to solve for the user

position using trilateration.
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Graphs in Figure 34 show the code phase differecalesilated based on the results obtained
from the recorded signal tracking by USRP1 as egieg values. Two different scenes can be
distinguished: the first one reflects the code phdiference of PRN17 calibration signal and

the second one reflects one of the real satelfjiteats, PRN32.
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Figure 34 Position of the Code Start Difference

According to the graphs, it can be deduced th#dtpagh differences are not constant, values
are practically zero. Table 8 shows a summary @bitbserved code phase difference standard
deviation. As it may be seen, there exist fluctuaiof the order of centimeters on the code
phase differences and, although they should bellydearo, the low standard deviation
observed indicates that the data points tend tcdse to the mean and hence to zero. These
little errors may be caused due to the thermalenorsthe first stage amplifier of the different
front-ends. The DLL correlates the GPS incidenhaigvith local replicas with the objective
of achieving a local replica perfectly aligned wite incident carrier wave. The noise
mismatch between the different front-ends may calisgepancies on the delay locked loop

(DLL) and therefore differences on the code phasenations. The low standard deviation and
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the near to zero mean observed in the code phHiseedces is a good indicator of temporary

synchronization between the front-ends.

PRN 17 PRN 32

USRP2-USRP1 6.17 [cm] 5.57 [cm]
USRP3-USRP1 6.51 [cm] 5.11 [cm]

Table 8 Code phase differences standard deviation

To conclude, even though there exist variatiorsgnal phases from the different splitters, the
correction of the existing random phase offsehendifferent front-ends by using a calibration
phase signal was ensured. Moreover, the phaseatstimambiguity of the Costas loop could
be solved by using the navigation data bit as ditator of possible phase shifts in the carrier
phase estimation. Furthermore, it has also beemilgesto prove temporary samples

synchronization of the registered signals by anatythe signals code phase differences.
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CHAPTER 3

ANTENNA ARRAY DESIGN

This chapter will analyze the components that makehe antenna array designed for this
project and it will also justify its geometry. Mareer, all registered data obtained by these
antennas will be analyzed in order to detect ptessibhdesired effects resulting of the antennas

mutual interaction.

3.1 ANTENNA ARRAY GEOMETRY

It is well understood that in order to solve ongensional direction of arrival of a wav front,
Uniform Linear Arrays (ULA’s) have been studiedensively (Hua, Sarkar, & Wiener, 1991).
For two-dimensional wave arrival information, a 2-#ray of sensors is needed. A
conventional 2-D array is the L-Shaped Array (LSARjch consists of two ULA’s connected
orthogonally at the edge of each array. In thiggmtoa simple structure L-shaped 2-D array

formed by the perpendicular interconnection of tldA’s array is presented.

The choice of the LSA model within the many exigtigeometrical arrays was basically
determined by the limitation of the number of fremds available in the university, which
directly limit the number of antennas. Specificathe university had three available front-ends
and, therefore, since one of the aims of this ptoyeas to determine the two-dimensional
direction of arrival of GPS signals, the designhef antenna array was drastically reduced to a
triangular geometry. Within the many possibilitiasdesigning a triangular array, the right-

angle triangle was chosen.
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Researchers concluded that for 2-D wave directioarval finding, the L-shaped array has
the higher accuracy potential than many other frmpluctured arrays (Hua, Sarkar, & Wiener,
1991). Figure 35 shows the antenna array configuratvhich uses the x-y plane and consists
of three radiating elements. Considering thdbr referencing purposes both linear arrays
share the element placed at the origin, it coulddtermined that each linear array consists of

two elements.

X

Figure 35 Geometrical configuration of the antennarray

Figure 35 shows an uncorrelated narrowband soorpaging on the L-shaped antenna array
from far-field, where the source has an elevatiogl@ of & and an azimuth angle gf, with

0(0 <06 >mrn/2)andgp(0 < ¢ = 2m). The signal derived by any sensor can be reprederst

a phase-delayed version of the original signal mgpig on the reference sensor. As shown in
Figure 36, in this particular case, the refererereser is the one situated on the origin of the
coordinate system. The equations that relate tfferelntial phase measurements can be

expressed as:

ol =7 [ SB[l + 52 =)
where ¢,,; and @5, stand for the phase difference between the Antedmaennal and
Antenna3-Antennal, respectively. As it may be sedngure 36, since the antenna array uses
thex-yplane, the valuex{, y,) and ,, y,) are nothing but the coordinates of the two ardenn
relative to the reference oné; andN; are the possible phase ambiguiti®sandd; represent
the possible phase shift between antennasiardlv are the so-called directional cosines that

depend on the DOA of the satellite as follows:
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u = cos(6) * sin(¢) (57)
v = cos(0) * cos(¢) (58)

beingfd and¢ the elevation and azimuth of the satellite, retpely.

Antl=[ 0,0,0]Ant2=[0,D,0]Ant3=[-D,0,0]/v y

Ant 2
D (Baseline lengt

<€
S D (Baseline length) ‘

Ant 3 Ant 1

Figure 36 Antenna array geometry

If the antenna separation is smaller than halfvila@elength, the ambiguity terms can be
ignored. Otherwise, they are in general not null enust be considered in order to solve the
equations. Likewise, the term that represents thssiple phase shift has to be considered
depending whether the system has been calibratedtoDepending on the explicitly need of

considering the ambiguity terms and/or the resitierahs, four situations are possible:

1. Nk =0 andﬁk =0
If there are neither ambiguity nor residual terthe,system of equations can be directly
solved and the DOA can be easily computed.

2. D >§ andd,, = Known value

If the antennas are more than half the wavelengéntdut the system is calibrated, it
is possible to find a discrete set of solutions amdn find the correct point in the
ambiguity space is not very large. The solutioasl l® a discrete set of possible DOAs

or to a unique one if the ambiguity is solved.
3. D S%andﬁk #0

If the antennas are up to half the wavelength sepdibut the system is not calibrated,
the equations cannot be directly solved becausee thee more unknowns than

equations. There are two ways to proceed:
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a. Using satellite signals whose DOA is certainly kmow determiné,.. Having
performed this procedure the system can be corsld=librated and therefore,
it can be solved in the same way of the first siddiase.

b. Computing the differences between equations coorefipg to two satellites.
This procedure is known as ‘double difference estiom’. The unknown
variables in the resulting equations are the dfital DOA (DDOA), which
can be obtained since the residual phase shifts tigappeared by computing
the difference. In this particular case the DOA&a¢h signal cannot be obtained,

but only the DDOA between each pair of signals.

4, D>§and19k¢0

If the antennas are separated more than half wewgtH and the system is not

calibrated, there are two ways of proceeding:

a. Using a satellite whose DOA is certainly known. S'hllows to measure the
residual terms but the ambiguities would remairualsnowns since they are
different for each satellite. In this case the s@ymethod would be the same as
in the second case.

b. Computing the difference between equations corredipg to two satellites.
This case falls back to the second studied casm$igtad of solving the DOA,
the DDOA would be estimated.

It is clear that the best possible case would befitht one because it provides a unigue and
unambiguous identification of the DOA. The othesempresent some limitations and the result
of many of them is a set of possible DOAs or DDOWsorder to perform DOA estimation of

the GPS signals impinging the L-shaped antenng designed on this project, the third case

of DOA estimation will be evaluated in the next pte.

3.2 COTS ANTENNA SELECTION

The need of flexible antenna array geometries bdstd the researchers to evaluate the
possibility of using Commercial Off-The-Shelf (CO)T&tennas as elements of an antenna
array. With this freedom in array geometry desigimg COTS components, the important issue
of possible undesirable effects on performanceltiagurom the interaction of the elements
that conform the array is raised. As the charasties of antenna model affect the array
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performance, it is important to evaluate the COmt&m@na characteristics before selecting the

model to use.

The COTS antenna selection is usually determinedhigih gain and great out-of-band
rejection. Table 9 shows the benchmarking studyi@e models of commercial off-the-shelf

antennas based on its main specifications.

Spec Antenna WS3978-HR 3978D-HR WS3997

RF Frequency 1572.5~1.578 MHz 1575.42+10 MHz 1572.5~1.578 MHz

Antenna Gain @90° 3 dBic @90° 3 dBic @90° 3 dBic
@20° -2.0dBic @20° -2.0dBic  @20° -2.0dBic

LNA Gain 40 dB 40 dB 30dB

Noise figure 3.1dB 0.5dB 1.5dB

Out-of-band rejection +£40MHz:80dB +40MHz:35dB  +40 MHz: 40 dB

Table 9 COTS antenna comparative

The three antennas are equipped with SAW filtergdgecting out-of-band signals and have
also Low Noise Amplifiers (LNA) embedded. As maydsen in Table 9, the three models of
COTS antennas present high gain LNA and great bo&nd rejection. However, since these
antennas were designed to function in a stand-aio@ener, there are no mutual coupling

specifications.

Basing on the mutual coupling study performed berC{2012)and in the antenna LNA gain
and its out-of-band rejection, the antenna modiecssd to form part of the antenna array

designed on this project was the model WS3978-HR.

3.3 ANTENNA ARRAY SOLUTION

From the mechanical point of view, the main goatho$ project was to build up a flexible
antenna array in terms of distance between its coes. This distance flexibility would
allow the user to perform tests with different gegians between the antennas before defining

their final position for the data recording. As niay/seen in Figure 37, the three antennas that

57



conform the array solution were placed at the gestiof a rectangular triangle with variable
length sides, taking into account that the refezgumint is the vertex of the right angle of the
rectangle triangle. The minimum length of the regtdar triangle antenna array was set to be
half the wavelength and the maximum length wasasehe wavelength. Having in mind that
this project is focused on the reception of GPSighals and that the center frequency of this
band is 1.57542GHz, the minimum and maximum sejoarbetween the antennas was 9.5 cm

and 19 cm, respectively.

Figure 37 Antenna array solution

The blue surface in Figure 37 stands for an alumiguound plane and was designed so that
each antenna could have the minimum flat surfacele to work properly regardless the
position on the array. In order to take advantaellovirtually ground plane benefits, the
minimum ground plane area per antenna establisiigtieo manufacturer is to have 10 cm
diameter of metallic flat surface without any hotamperfection (PCTEL Inc, 2015). As may
be seen in Figure 37, the ground plane designedhtorantenna array (blue surface) was
mounted over a fixed iron structure (red surfat@) pprovides stability and guarantees the

antenna array geometry.

As shown in Figure 37, the antenna array desigmethis project allows a discrete set of
positions for the antennas. The separation betwesse discrete positions is half wavelength
in each of the two perpendicular directions. Notitat the mechanical condition of the array
ground plane allows the user to change this maxinmter-element separation up to 2
wavelengths, but for the scope of this projectrieximum antenna separation chosen was

enough.
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To finish, one of the most interesting points relyay the array geometry is its rotational
capability. The antenna array was designed to vmwewiveling baselines that allow the user
to guide the array 360 degrees horizontally. Th&ure could become very useful in order to
check the antenna array signal phase receptiorea example of the usage of this feature

will be shown on the next chapter.

3.4 ANTENNA ARRAY RECEPTION PARAMETERS ANALYSIS

After having verified that the existing random phasffset between the USRPS can be
corrected by using an external calibration sigimabrder to detect any possible resulting effect
due to the usage of different antennas on the wafitmnt-ends, the following test was carried

out:
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Figure 38 Multi-antenna analysis circuit

As seen in the diagram from the Figure 38, withgheppose of detect any possible influece
of receiving GPS signals with different antennbsg, data collection was carried out by using
two different antennas of the same model. As contetebefore, the COTs antennas used on
this project were designed to work in a stand-alov@aner so any possible influence of a
radiating element working simultaneously in a shiistance was not described on the product
datasheet. The first antenna signal was splittelddasttributed through an eight-output splitter

to the combiners associated to USRP1 and USRP#harskcond one was directly connected

to the combiner linked with USRP3. The phase calibn signal generated for this particular
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tests corresponds to the PRN11 signal and washdittd to the combining stage through a

four-output splitter.

It is important to note that the antennas usedsrié¢st were exactly the same model and were
pretested individually to check any possible déferes at least in terms of signal quality. From
this test, no empirical evidence of possible déferes on the antennas performance was
concluded. Thus, this study commenced with the menhat—at least working in a stand-

alone mannet the antennas were identical elements.

First of all, in order to compare the quality of tsignals received by different antennas in terms

of power to noise density, the C/NO of differemrsils was studied.
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Figure 39 Multi-antenna carrier to noise ratio analsis

From the graphs in Figure 39, PRN10 and PRN l&stamreal GPS signals and PRN11 is
the signal PRN code related to the phase calibraignal. From the graph above, it is easy to
determine that the C/NO estimated for the threeadgyis equal for the two front-ends that share
the same antenna. This results has revealed thatogsible noise induced by the combining
stage may be neglected. Therefore, it could berm@ted that the most striking differences
among the C/NO of the signals received by the diffe USRPs are due to the location of the
different antennas. The most logical explanatiothsf C/NO variances in the signals recorded
by the USRPs that did not share the same antennd be caused by the multipath. In the
absence of multipath, the C/No measured in allrar@s should be very similar to one another.
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But in the presence of multipath, an antenna wheuodtipath happens to be combined
constructively will present a higher C/No than arteana where multipath is combined
destructively. Figure 39 shows that depending eratitenna location, the multipath may affect
constructively or destructively to the real GPS signals, provoking as a result variations on
the C/NO estimated between +2dB-Hz. ldeally, sitike phase calibration signal was
distributed to all the front-ends using the sam@&Wware components, the power estimated for
PRN 11 signal received by the three USRPs shouétkbetly the same. In practice, as may be
seen in the graph above, there exist variatiorieenC/NO estimated for PRN11 and may be
caused by the different noise applied on the comgistage. Since the radiating elements used
on this project were active antennas, the nois&iboion of the signals received and amplified
by them could impact on a different way in the camebs, provoking a slight attenuation on

the calibration signal.

Second of all, with the purpose of study the impdatising different antennas on the signal
delay estimated by the receiver, the differencethen signals code phase were evaluated.
Graphs in Figure 40 show the code phase differecalesilated based on the results obtained
from the recorded signal tracking, taking into acdothat the estimated parameters of the

signals recorded by the USRP1 were used as retexahges.
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Figure 40 Multi-antenna code phase differences

On the one hand, analyzing the low standard dewviand the near to zero mean of the code
phase differences observed between the signalseedsy the front-ends that shared the same

antenna— USRP2 and USRRP4, it could be determined that any possible noiskeddy the
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antenna amplifier in the signals was cancelleddpfyang the difference. Theoretically, if both
front-ends were working under the same condititims standard deviation observed between
the code phases of the signals should be zereoattipe the hardware does not work under the
same conditions and the different thermal nois¢henfirst stage amplifier of the front-ends
may cause noise mismatch between the different-Bods and hence discrepancies on the
code phase estimations. On the other hand, indifjthte results obtained from the code phase
differences between USRP3 and USRPé&ach front-end linked with a different antenna

it could be determined that the noise mismatch eetwthe antennas may cause discrepancies
on the delay locked loop (DLL) and therefore diéieces on the code phase estimations. As
shown in Figure 40, these noise mismateddded to other factors may provoke fluctuations

on the code phase differences of the order of meteg. as may be seen in the code phase
difference results obtained from the PRN11, the@mailismatch between the different antennas
may increase the standard deviation of the codseptidiferences form 12 cm to 1,22 meters.
The noise induced by each antenna is added tahteepcalibration signal in the combination

stage and provokes this undesirable effect.

Regarding the code phase differences of the re8 §ghals, the fluctuations observed may
change from 2 cm to 3.23 meters. This huge gaparcode phase differences is obviously a
contribution of different factors. Since the redP% signal was received by two different
antennas separated a distatidbe difference of location of the antennas cbntg to the code
phase differences. Furthermore, as mentioned KBAKE, the mutual coupling between two
antennas working in a short distance may vary ibguiency response of the antennas. Exact
antenna element can have rather different frequeesgonse, depending on the adjacent
element which dictate the mutual coupling environhad the antenna element. These different

frequency responses lead to differing effects enctide phase of the received GPS signals.

Finally, with the purpose testing the performantéhe phase correction method specified in
the previous chapter, the phase differences betiheedistinct signals recorded by the front-
ends were computed. As may be seen in Figure &t,aiplying the phase correction method,
the phase differences obtained from the signalsrdec with the USRPs that shared the same
antenna—USRP2 and USRP% were the expected ones. In the PRN 11 case, thseph
differences tend to zero, as supposed to be. Oibenim the real signals case, the obtained

phase difference tend to 0.13 radians. As explaine¢de previous chapter, these differences
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were not null because different models of splitigese used to distribute the signals coming
from the antenna and from the phase calibratiomasig
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Figure 41 Multi-antenna phase differences

Talking about the phase difference resulting framgignals registered by USRP3 and USRP1
—each one linked with a different anternaafter applying the phase correction method on
the signal registered by USRP3, the observed difiezs in Figure 41 are due to the antennas
location. The following chapter will analyze in ditthe possibility of using these phase

differences to calculate the direction of arriveteal GPS signals.

In brief and in one hand, after performing thig tesing different antennas in order to receive
satellite signals, the influence of these anteruvas the parameters estimated by the receiver
has been observed. On the other hand, the difféweation of the antennas may affect the
C/NO signal received constructively or destructivéépending on the incidental wave angle
and depending on the multipath effect. Moreovee, nbise mismatch, the mutual coupling
effect and the different location of the antennasy mause alterations on the code phase

estimated by the receiveralterations may vary from centimeters to meters.
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To finish, through this test it has been able tavprthat the purposed phase correction method
works properly once again and that, after corrgdte existent USRP’s random phase offset,
the phase differences of the satellite signals \westecaused by the reception of GPS signals
from a distinct location (that is, the already stddequations No.50 & 31

7 See equations (50) and (51) on page 47.
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CHAPTER 4

DOA ESTIMATION

The following chapter is dedicated to analyze gmesapplications of the antenna array data
recorded. The antenna array used on this projesiges measurements from three different
antennas placed on top of a mast with a fixed vk separation between them. These extra
measurements could be used for different purposes & the project was focused on
determining DOA estimation, the objective of thiscson was to analyze these extra
measurements and the possibility of using themettopm DOA detection.

4.1 SCENARIO

During this project, real GPS signal data was medisimultaneously with three synchronized
USRPs each receiving from different antennas (AAtt2 and Ant3). As it may be seen in
Figure 36, the three antennas that conform they avexe fixed on ground plane in a body
reference system and conformed two orthogonal inesglthe first one formed by Ant2-Antl

and the second one by Ant3-Ant1.

As shown in Figure 42, in order to analyze the mantenna recorded data, four data recording
tests were performed placing the antenna arrap@noiof of the UAB Engineering School, an
area with a complete visibility and a clear suring without any type of obstructions that
may block the direct signal emitted by the GPS I&teconstellation. The lack of these
obstructions ensured the reception of clearly sgwihout any significant attenuation.
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Figure 42 Antenna array location

Each data collection test was performed with temuteis of difference with respect to the first
recorded sample. The reason why 4 tests were dauewas basically to analyze the phase
differences calculated for each satellite signakfepecific lapse of time and thus, evaluating
both the front-ends and antennas performance riegapthase stability. Table 10 shows the
basic parameters that describe both the localizaticghe data collection and the date and time

it was collected.

Time Zone: GTM+1
Data collection date: 17/02/2016
Location: 41°30'02.2"N, 2°06'46.2"E
Antenna spacing: A/2
Testl1 Data Collection Time: 16:00 H
Test2 Data Collection Time: 16:10H
Test3 Data Collection Time: 16:20 H
Test4 Data Collection Time: 16:30H

Table 10 Data recorded information

In order to avoid ambiguities when calculating tiection of arrival of the incident signals,
it is important to take into account that a halfvedength between elements separation when

recording the signals was used, i.e.: 9.5 cm appvceover, as explained in the chapter
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above, the fact that the mechanical conditionshefantenna array designed for this project
allow the user to orientate the baselines for coieree, simplifies the DOA estimation. Figure
43, shows a clear example of this featurthe baseline formed by the antennas connected to
USRP1 and USRP2 was orientated to North-South axis.

Figure 43 Antenna array direction

After analyzing both the localization where the adaécording tests were taken and the
separation between the different antennas confgythi@ array, a theoretical calculation of the

phase differences received by the antennas wasdaiut.

4.2 THEORETICAL CALCULATION OF THE PHASE DIFFERENCES

Before calculating the phase differences of the GigBals recorded by the antenna array, a
theoretical analyze of the expected results wasechout. For this purpose, the calculation of
the direction of arrival was performed inversehhal is, knowing (a priori) the satellites

position in terms of elevation, azimuth and theatamn and orientation of the antenna array,

the phase differences that had to be theoretioaligined were calculated.

In order to determine the GPS satellite consteltalbcation at the time of the data recording,
the online Trimble GNSS Planning Tool was usedsTmiline tool is used to program GNSS
observations. It also allows users to predict Hielbte position in relation to their situatiorrfo

a concrete time lapse.
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In order to compute GNSS satellite position, Trienl@NSS planning tool uses on input the
latest almanac data files provided by the U.S. CGamrd's Navigation Information Service

(NIS) so that the satellite localization computgdtle tool is highly reliable data.

The satellite position during the data recordingagticularly clear in Figure 44. The ascending
scale of blue markers represents the temporal goplof the satellites location while the red
ones show the orientation of the antennas. As raaebn, the baseline formed by the antenna
associated with USRP 2 and USRP1 was orientatémiolg the North-South axis while the
one formed by the antenna associated with USRP®&RP1 was orientated following West-

East axis.
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Figure 44 Satellite location

As may be seen in Figure 44, the antenna arrayowasted in a way that, at least during the
first test, the baseline formed by the antennascesed with USRP3-USRP1 frontends was
aligned with PRN 24 and PRN 13 satellites. Thisvedld the baseline formed by USRP2-
USRP1 to be totally perpendicular to the signaisiog from the mentioned satellites, thus

achieving a perfect scenario to analyze the behawbthe antennas that make up the array.

In order to calculate the theoretical phase difiees of the GPS signals, the following

expressions were used:
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(59)

2T
@31 = —sin(¢) * cos(H) *

(60)

2nd
®21 = cos(¢) * cos(8) = 7;

whered is the antenna separation apdandé stand for the satellite azimuth and elevation,
respectivelly. As explained before, the separatorong antennas used all along the data
recording was half-wave length, i.e.: 9.5cm apprately, and both the elevation of the
satellites and their azimuth were values obtaitedugh the online platform Trimble GNSS

Planning Tool. Figure 45 graphically shows the glaton of the theoretical phase differences

obtained from each of the performed tests.
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Figure 45 Theoretical phase differences

The most outstanding cases to be commented aréethgorary evolution of the phase
differences between USRP2 and USRP1 of the sigriadatellites PRN 13 and PRN 24. As
shown in Figure 45, for the first test performedthbsatellites were situated in such a manner
that the signals coming from them perpendiculamypinged the baseline formed by USRP2
and USRP1 front-ends. As time went by, it was fmsdio observe that this perpendicularity
was lost because of the satellites’ movement. Qlyadbserving the data obtained in Figure
45, the influence of the satellite position on thained phase differences can be seen. When

the impinging signal was perpendicular to the basdiormed by the antennas associated to
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USRP2-USRP1 front-ends, an almost null phase éifiee was obtained but this difference

increases while satellite position changes.

It is also important to note the expected phaderdihce of the signal emitted by satellite PRN
32. As seen in Figure 45, the path of the sateN#at over the bisector of the straight-angle
that forms the antennas array, placing itself atrowsr the zenith of the antenna array in the
last test. As expected, the values of the obtgimede differences both for the baseline formed
by USRP2-USRP1 and for USRP3-USRP1 were basidalsame, tending to zero when the
satellite had an elevation of, approximately, 99rdes.

4.3 ANALYSIS OF C/NO OF THE DATA ACQUIRED

In order to check the quality of the signal registeby the three USRPs, the carrier to noise
density of the signals recorded was evaluated. Thi) analysis was focused on the study of
two main concepts: the first one was based on tiadysis of the C/NO evolution along a

concrete period of time and the second one wasllmsthe comparison of the signal’s strength

acquired by each SDR antenna.

On the one hand, the first study gave an overvigwow much the satellite signal strength may
have changed over time. Figure 46 shows the ewoluf the carrier to noise density of the
signals acquired by each USRP along four tests;iwhias shown above in Table-+0were
performed with 10 minutes of separation betweeih eata collection.
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Figure 46 C/NO evolution
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From the graph above, it may be determined thatQidO of the signals broadcasted by
satellites with high elevation did not have a sabsal change along the data collection.
Looking at the satellite location (Figure 44),0utd be said that satellites whose elevation did
not lower more than 60 degrees did not suffer suhist changes along time. As shown in
Figure 46, the carrier to noise density of the aigemitted by the satellites PRN 32, PRN 15
and PRN 13 was practically stable along time amdlittle differences observed could have

been due to standard deviation of the C/NO estonatself.
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Figure 47 USRP1 - PRN 32 C/NO Evolution
For instance, Figure 47 shows the carrier to naisesity time evolution of the signal
broadcasted by the satellite 32. As may be seemstdndard deviation of the PRN 32 signal
may have varied from 0.61dB-Hz to 0.68 dB-Hz and/ave been the cause of the little
differences observed in the C/NO estimated in FEgL.
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Figure 48 USRP3 - PRN20 C/NO Evolution
On the other hand and unlike the previous casesigmals emitted by satellites with a lower
elevation may have suffered differences on thaeraiw noise density estimated along a period
of time. A clear example of this phenomenon magd®n in the C/NO evolution of the satellite
signals PRN 12, PRN 19 and PRN 20 (Figure 46). reiglB shows, as an example, the
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evolution of the C/NO estimated for the satellighal PRN 20 registered by the USRP3. From
the graph, it is noticeable that the carrier tsaalensity varied from 37 dB-Hz to 44.85 dB-
Hz. This notorious variances may be caused by tlaaging multipath contribution on the

antenna. As shown in Figure 46, the antenna wlasdlite signal multipath happened to be
combined constructively presents a higher C/No thanone where multipath was combined

destructively.

To finish, in order to compare-at least qualitativel the satellite signal strength registered
by each antenna of the array, Figure 49 shows dhgec to noise density evolution of the
different satellite signal strength registered bgleUSRP.
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Figure 49 C/NO antenna comparison

As shown in Figure 49, comparing the carrier tosaalensity received by each antenna that
compose the array, it could be determined thatstgeal quality of the satellites with high
elevation—PRN 13, PRN 15 and PRN 32did not have significant changes along the tests.
This results are a clear evidence that those sigeakived by each antenna were in a direct
light of sight and thus, in the light of the lackroultipath effect, the C/NO estimated on the
signals received by each USRP remained practicalyal along time. On the contrary,
satellites with lower elevations suffered importahanges on the carrier to noise density
estimated over time. Figure 50 shows a good exarmplthese C/NO variations, in this
particular case, the quality of PRN 20 and PRN 24 ewvaluated.
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Figure 50 PRN 20 and PRN 24 C/NO comparison
As shown in Figure 50, depending on the directibmroival of the signals, the multipath

contributed constructively or destructively on @0 estimation. For instance, in the case of
receiving the PRN 20 signal, the multipath affedfeel third antenna destructively causing a
signal decrease of approximately of 9 dB-Hz witbpet to the signals received by the two
other antennas. In contrast, PRN 24 signal recdiyetie third antenna presented an increase
of approximately 9 dB-Hz in the C/NO estimated hwigéspect to the signal strength registered
by the two other antennas. This unpredictable cbsuog the evolution of the estimated C/NO
show that the multipath may cause a positive oatieg impact on the carrier to noise density

estimation and it may vary along time dependinghansignal direction of arrival.

4.4 ANALYSIS OF SIMPLE DIFFERENCES CARRIER-PHASE

Having checked the influence of the GPS satelbtmtion on the carrier to noise density
estimation, the phase differences of the signalsrded by the antenna array were analyzed.
This study aims to identify the behavior of the gdhdifferences observed in order to use this
information to determine the direction of arrival@PS satellite signals. The following graphs
show the phase differences of the most significatellite signals observed on the first
performed test. Specifically-as commented on the theoretical analysithe satellite signals
that could provide the most relevant informatiogereling the expected phase differences were
PRN 13, PRN 24 and PRN 32. The terfsgs andA¢ on the graphs stand for the observed

phase difference and the expected theoretical phHseence, respectively.
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First of all and before starting the analysis, ibwd be emphasized that the differences
observed on the satellites signal phases were praduhe different geographical location of
the antennas, since the USRPs were previously symiced in time and phase by using an

external oscillator and a phase calibration signal.

Figure 51 shows the phase differences observetieosdtellite signal PRN 13 registered by
the three distinct antennas that conform the amatanray, taking the antenna linked to USRP1
as a reference. Taking into account that the gatdtication (Figure 44) was practically

perpendicular to the baseline formed by USRP2 aBRRIL, the expected phase difference on
the signal acquired by the antennas linked to I&@Rs was approximately 0.03 radians. In
contrast, the difference on the phase signal mmgidtby the baseline formed by USRP3 and
USRP1 was expected to be approximately -0.87 radids may be seen in the graph, both
values obtained after processing the data collemtetthe first test did not match the expected

ones.
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Figure 51 PRN 13 - Phase difference
The difference between the expected values andltaned results differs depending on the
antenna baseline, from 2.33 radians in the cas&S&P2-USRP1 to -0.23 radians in the case
of USRP3-USRP1. In order to determine if the défezes between the expected values and
the obtained ones could be caused by hardwaresbiaise. possible mismatch in the antenna
cable lengths or difference on the connectors weeaidapt the signal to the different RF
ports—, the phase differences of two more signals weedyaad. If the differences between
the expected values and the computed ones wer@girotl hardware biases, the observed

phase differences between the expected valueshenoitained ones should be constant
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regardless the signal direction of arrival. FigbPeshows the phase differences computed from

the signal broadcasted by the satellite 24.
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Figure 52 PRN 24 - Phase difference

Once again, the satellite location (Figure 44) wweactically perpendicular to the baseline
formed by USRP2 and USRP1; the expected phasedatiffes on the signal acquired by the
antennas linked to both SDRs was approximately ea@tans. In contrast, the difference on
the phase signal registered by the baseline folmgddSRP3 and USRP1 was expected to be
approximately 2.63 radians. Once more, both vabi#ained after processing the collected
data did not match the expected ones. In this thsealifference between the expected and the
computed values was approximately 2.57 radiankarcase of the phase difference between
USRP2-USRP1 and -3.49 radians in the case of USKERP1. To finish, the phase

differences of PRN 32 signal were analyzed.
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Figure 53 PRN 32 - Phase difference
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Taking into consideration that the satellite losatwas practically over the bisector of the
straight-angle that forms the antenna array, theeeted phase differences on both baselines
were practically the same: 0.65 radians in the cdssomparing the phase of USRP2 and
USRP1 and 0.56 radians in the baseline formed b?3JBSRP1. The error between the
theoretical phase differences and the obtainedtsesent from -3.54 radians in the case of
USRP2 and USRP1 to 0.78 radians in the case of G&RIRP1.

In light of this results, it could be determinedtlithe obtained phase mismatch was not the
result of possible hardware biases, since the ddagrrors were not constant regardless the
signal analyzed. A summary of the different erbtained for each received signal is shown

in the chart below.

PRN USRP2-USRP1 [rad] USRP3-USRP1 [rad]

5 0,67583948 0,24201377
12 1,37820898 1,16606937
13 2,32686805 -0,2336851
15 -3,6348823 1,28482146
17 2,21340426 4,80661507
18 -2,6348039 -3,9062761
19 0,90814954 5,3122597
20 1,51508073 -4,407598
24 2,5715007 -3,4967054
28 -3,3935895 4,75843471
32 -3,5377424 0,78180409

Table 11 Phase differences errors

As may be seen from Table 11, the obtained erm@si@t constant and they directly depend
on the direction of arrival of the incident sign@hese obtained errors may have been caused
by mutual coupling effect introduced by other angerelements that conform the array
(Danesh, Sokhandan, Zaeri-Amirian, & Lachapelle,ld0The impact of the actual physical
response of the used antennasvhich were neglected by assuming isotropic recgivin
elements— may also have impacted on the phase response @intlenna elements. Each of
the individual antenna elements in the array hdiffarent phase center movement depending
on the azimuth and the elevation of the incideghail. This phase response pattern of each
individual antenna may have differed due to thedfigonation of the adjacent antenna elements
and may have depended on the mutual coupling emmieat (Kim, De Lorenzo, & Gautier,
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2004). In order to correct this phase errors cabgatbthing but the interaction of the antenna
elements, the antenna array should be phase d¢atidraan anechoic RF chamber so that the
antenna array will receive a signal from a pregidalown direction. Since antenna phase
calibration was not included on the scope of thggget, this antenna phase adjustment will be
lead to future researchers who might be interest@édproving the multiplatform designed on

this project.

Figure 54 shows a clear example of the evolutionhef phase differences of the acquired
signals depending on the hardware calibration leRet bars indicate the phase differences
observed before performing the phase calibratibe, drange ones stand for the phase
differences obtained after applying the calibrafimocess using an external phase calibration

signal and yellow bars depict the theoretical pltaerences.
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Figure 54 Test 1 - Signal phase correction process

The phase differences performed directly on theagrecorded by the USRPs (red bars)
include the front-ends random phase offsets. Adagxgd before, this random phase offset
changes every time the front-ends are retuned faedg the reason why an external phase
calibration signal was needed. After performing fese calibration process, the random
phase offsets of the SDRs were compensated amqgh#se misalignment between all USRPs
was caused due to the geographical location oatitennas that conform the array (orange
bars). Since the phase response of the antennasatdbe expected due to phase center
variations which were provoked by the mutual caupkffect, the phase differences had to be

recalibrated in order to balance the antennas pérases (yellow bars). After having checked
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that there existed errors on the computed phaga&elices which could have been result of the
physical antenna interaction, it was trivial toatetine that it was not possible to compute the
direction of arrival of the incident signals basomgthe obtained results. In order to compensate
the phase errors of the antennas, the errors elotain the first test-Table 11— were used to
calibrate the antennas phase errors obtained isigin@ls recorded during the four tests. The
results obtained from this procedure were usedotopute the DOA of the GPS signals.
Evidently, since the antennas phase errors maydiffigrently depending on the signal angle
of incidence, the computed phase differences watrexpected to be accurate values but they
would be enough to explore the evolution of thesghdifferences obtained over time. Figure
55 shows the phase difference evolution of the llmeseafter performing the antennas error

compensation.
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Figure 55 Antenna array phase differences evolution

Comparing the theoretical phase differences intleigd and the real values obtained in Figure
55, it is noticeable that the phase difference wiah of both scenarios matches the phase
differences—at least in terms of tendency. The only sateligga whose phase differences
did not follow a linear tendency was PRN 20 whempating the phase differences from the
baseline formed by USRP3-USRP1. The answer td#hsavior may be seen in the carrier to
noise density estimated for this satellite (Figt#® Since the carrier phase estimation directly
depends on the shape of the correlation peak aiscbiinthe signal carrier to noise density, the
big fluctuations on the C/NO computed by USRP3 fnaye caused an unreliable estimation

on the signal carrier phase.
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In light of the obtained results after performirg tantenna phase error compensation, the
direction of arrival of real GPS signals was parfed following the expressions derived from
(59) and (60):

¢ = arctan (:;Zjl) (61)

, y)
0 = <P§1 + ‘/’321 * 2rd (62)

Figure 56 shows the obtained results after apply@ig and (62), the rising range of colors

represents the temporal evolution of the DOA edionaand each data point corresponds to

the estimated direction of arrival for an indivitldata test. Comparing the obtained results to
the real GPS location (Figure 44), it is noticedhb the estimated azimuth and elevation were
imprecise values. As explained before, the antephase response may have varied depending
on the incidence signal angle therefore, sincesttellites were in a constant movement, the
error estimated in the first test could change ¢ivee. This variances on the phase error of the

antennas provoked a lack of accuracy on the estdratimuth and elevation.

Figure 56 Direction of arrival estimation.
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Although the computed azimuth and elevation wererelable values in terms of accuracy,
they were enough to predict, at least, the saslitotion. As may be seen in Figure 56, all the
satellites’ orbits were properly predicted unlessthe case of PRN 20 signal that, as seen
before, suffered incidents on the estimated ph#$erehces with the baseline formed by
USRP3 and USRP1.

While carrying out this study, it has been possiblerove that there exist fluctuations on the
estimated carrier to noise density and these maydepending on the satellite location. That
is, for those satellites with a high elevation,remarkable changes were observed; contrary,
for those with a lower elevation, significant chaagn the estimated C/NO were appreciated.
Moreover, it has also been possible to prove tingbrtant differences on the quality of the
signal received by each antenna of the array mesy ard this fact may have been caused by
either constructive or destructive contributiortied multipath effect.

Referring to the phase differences obtained afterphase calibration process, it has been
possible to check that the mentioned process wasnough to get a phase calibration of the
whole multiplatform. After finding out that theristed some differences on the antennas
phase response due to the mutual coupling eftaggs possible to stablish that it is not viable
to determine the direction of arrival of the satelsignals because it is extremely necessary to
know, a priori, the location of the signal emittisgurce and thus the direction of arrival of the
signals to, subsequently, compensate the phass efrthe antennas.

Assuming the antenna array designed on this progeuiot be used in DOA applications due
to differences on the antennas phase responsdetiedoped system might have applications
in the GPS signals spoofing detection. Theoretic#tle system designed should be capable of
detecting a static spoofer emitting source by olisgrthe evolution of the carrier phase
differences computed. As showed in Figure 55, theier phase differences between the
signals registered by the SDRS followed a linedraver due to satellite continuous motion.
This linear evolution on the phase differences nlexk may be used to detect a possible

emitting source transmitting from a static location
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Figure 57 Static spoofing detector

As may be seen in Figure 57, in case of receivisig@al emitted by a static source, the phase
differences registered by the antenna array woellddnstant along time, which is not the case

when receiving real GPS satellite signals. If aaigphase difference were constant during an
extended period of time, a static spoofer attagihtribe determined.
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SUMMARY & CONCLUSIONS

The main purpose of this project was to developgP& Galibrated multi-antenna platform by
using both COTS software-defined radios and GP&naiais. The embryonic idea was the fact
of using the basic hardware and software needsidhigitaneously register signals broadcasted
by the satellites which conform the GPS constelatiThis hardware was initially formed by
a personal computer, three Universal Software RBdiigpheral, an external oscillator and an

antenna array built from commercial GPS antennas.

While developing the present project, it was pdedib check that the basic hardware from the
beginning was not enough to get time and phase Ilsamspnchronization between the front-
ends. After performing some tests, it could be meitged that there exist random phase offsets
in the signals registered by each USRP and thaetheay drift over time, so a constant phase
calibration was necessary. The proposed calibraiethod in this project consisted on using
a phase difference of arrival mechanism basedsymthetic GPS signal reference transmitter.
In order to correct these phase differences ofsigaals registered by the USRPs, it was
required to make a hardware update; to do so,thstyn GPS signal generator was added along
with one splitter (to distribute the phase calilmratsignal to the SDRs) and three combiners
(to combine the phase calibration signal with #e GPS data acquired by the antenna). Once
more, after testing the new system and gettingtoline the phase calibration signal with the
signals received by the GPS antennas, it was pgedsimotice that there existed some errors
on the phase estimated by each USRP. These ereoescaused by the carrier tracking loop of
the software receiver and they had to be solvetjubie navigation data bits of the GPS signals

as indicators of possible phase shift on the aaphase estimated.
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Finally, a flexible L-shaped antennas array madefupree COTS GPS antennas was designed
and some tests of the whole system were carriednootder to determine the direction of
arrival of real GPS signals basing on the phaderdifices of the signals received by each
antenna. After analyzing the obtained results ftioetests it was possible to check the fragility
of the GPS signals against possible multipath &ffe€he obtained results were used to
compare the carrier to noise density of the sigreaisived by each antenna and, thanks to this,
to determine that the quality of the signals reediby each antenna may drastically vary
depending on the positive or negative contributminthe mentioned multipath effect.
Moreover, it was possible to observe that therstesame differences on the phase response of
the different antennas due to the mutual coupliifgce provoked by the different antennas

interactions.

Given that to correct the antennas phase errassstrictly necessary to know a priori the
location of the emitting source, it could be detieied that the antenna array developed in this
project was not able to determine the directioarafal of the GPS satellite signals. However,
in order to check the behavior of the phase respohsach antenna, these errors were corrected
and it was possible to see that, as far as possit@dehase response of the antennas followed
a linear behavior, so at least the prediction &f $atellite movement based on the phase

differences received by the antenna array was aethie

As said before, although it was impossible to corapioe DOA of the signals registered by the
platform, the hardware and the methods used irptioigct might be used for the detection of
GPS static spoofer attacks. Moreover, since thbradibn process performed throughout this
project guarantees at least the reception of timgk ghase aligned samples, the platform

developed might be used as a testing tool for démgrantenna array.

Following and as a kind of final act, there is & bf possible future improvements for the

designed platform:

» Calibrate the antennas in an anechoic chamber. iifpsovement would allow to
correct the phase errors of the antennas and snvey to model the mutual coupling

effect of array layout on the antennas phase resgpon
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Take into account and solve the main array unceréss like: platform orientation
perturbations, possible turbulences and inclinatibthe platform during operations.
This would help to obtain a better performancehefantenna array.

Use radio frequency absorbing materials to isdl&eantennas that conforms the array.
This improvement could be useful to reduce the mlutoupling effect between the

antennas.

Using a more recent version of the phase calibrasignals generator. The Labsat

version used for this project was Labsat 1.0;rdglires the exclusive use of a personal
computer just to control its functioning. Therefotke fact of using a more recent

version would allow to eliminate the use of this@&dary personal computer.

Another improvement related to the point above wdug the implementation of a
Windows virtual machine in the Ubuntu operativetegsof the personal computer that
manages the communication with the USRPs. That ilsyvas not possible to use a
more recent version of the Labsat (as said befdnes) virtual machine would control

the Labsat 1.0 and would allow to eliminate theesstty of a secondary personal

computer.
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ANNEX |

UHD — GNU RADIO INSTRUCTION MANUAL

In order to ensure the correct use of the devel@pe8 multi-antenna system, the following

sections are dedicated to describe step by stegatherecording method.

1.1 UHD+GNU RADIO LINUX INSTALLATION GUIDE

Since the software installation may become a chgdéiethe following section will detail how
to set up correctly the software environment.

The following installation method has been testeith Wbuntu, however, it must be able to

function under any other Linux distribution. Thetoy-step installation guide is listed below:
1. Copy and create the installation script from theciafl website.

2. Change the file permissions using the commatariod a+x build-gnuradio” where
build-gnuradiois the name of the script.
3. Execute the script:blild-gnuradio
It is important to emphasize that internet conmecis required along the installation in order

to connect with the UHD and GNU Radio servers.

1.1.1LOADING THE UHD DRIVER IN THE USRP

Once installed GNU Radio and UHD drivers in thespeal computer is necessary to load the

UHD drivers (images) in the front-ends. The stepstgp loading driver guide is given below:

1. Insert the USRP SD-card in the PC reader/writer.
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2. Open a terminal and introduce the following path?/usr/local/share/uhd/utils.

3. Once on the directory, execute as root the follgwimpplication: sudo

Jusrp2_card_burner_gui.py.

4. Introducing the properly root password, the SD dawdner program will be opened
(Figure 58). At this point, the correct drivers slibbe chosen from the following route:

/usr/local/share/uhd/images.

5. Once the properly images have been chosen, thergvust be burned on the SD-card

by simply clicking on Burn SD Card”.

@& USRP2SD Card Burner

Select Images

Firmware Image: [,'usrjlucal}sharefuhd,‘images,'usrpz_fpga.bin
FPGA Image: E/usr,flocalishare{uhd[images/usrpz_fw.bin
Select Device
Rescan for Devices
dev/sda2
'dev/sda5

dev/sr0

Raw Device: |/d ev/sdas

Warning! This tool can overwrite your hard drive. Use with caution.
Burn SD Card |

Figure 58 SD Card Burner Program

1.1.2PC NETWORK CONFIGURATION

As commented before, since the communication betweeSDR’s and the personal computer
is carried out through IP protocol, a previous RBmork configuration is required. In order
that the PC and the USRP’s can work under the setveork, it is necessary to create a new

wired connection. For that, the following steps hhescarried out:
1. Open the Network connections editor.

2. Create a new-wired network configuration by cligkirAdd”.
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& Network Connections

wired Wireless Mobile Broadband VPN DSL
Name LastUsed =+ | Add |
Wired connection 1 3 minutes ago Edit
Delete...
| Close |

Figure 59 Network configuration

3. Since the default IP address of the USRP’s is B®1D.2, the personal computer IP
must be within the same range but it cannot beséimee. A valid example may be set
the PC IP address to 192.168.10.5.

@ Editing USRP2

Connection name: [ USRP2

[ Connect autematically

Wired B02.1xSecurity | IPv4 Settings | IPv6 Settings

Method: | Manual v
Addresses
-

| Address Netmask Gateway | Add

| Delete |

DNS servers:

Searchdomains: |

DHCP client1D:
i 7 : 3 |
Require IPv4 addressing For this connection to complete

Routes...

& Availabletoall users | cancel | ~ save... |

Figure 60 Personal computer IP configuration

4. In order to use multiple USRPs on the same hostpaten, the front-end default IP
address must be changed. For this, the followimgnoands should be executed:

cd <install-path>/lib/uhd/utils
sudo ./usrp2_recovery.py --ifc=eth0 --new-ip=19811%.3

Notice that this procedure assumes that the USR&ItlPess is unknown; therefore,
this procedure should be performed attaching alesifignt-end to the personal
computer.

Having executed the steps above, the compatilniétyveen the SDR’s and the PC is ensured.
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1.2DESIGNING A BASIC USRP RECEIVER IN GRC

First of all, in order of giving an overview of GNRladio software’s usage for communicating
and configure the front-ends parameters, the masickexample of communication method
GNU Radio-USRP will be explained.

As explained before, GNU Radio is a collection @bl$ that can be used to develop radio
systems in software as opposed to completely idvieate. The software includes a graphical
interface, GNU Radio Compani¢®RC), which is so similar to Simulink and thatboals the
user to process signals simply interconnecting gfieeld filters and many other elements
(blocks). GRC was created to simplify the use ol ERadio by allowing the creation of python
files graphically instead of creating them justcimde alone. The designing guide of a basic

receiver using a USRP device is listed below:

1. Open the GRC software by executing the followinghowand on the terminasudo

gnuradio-companionNote that the administrator password is required.

%

» [stream Conversions]
» [ Misc Conversions ]
» [synchronizers ]
b [ Level Controls]
» [Filters]
» [Modulators |
» [Error Correction]
» [Line coding]
» [Probes]
! » [variables]
> [Misc]
» [ Digital]
» [ Digital Modulators ]

> [OFDM]

> [FFT]

» [uHD]

» [Vocoders ]

» [NOAA]

» [WX GUI Widgets ]
> [Pager]

- . = » [QTGUI widgets]
<<<Welcome to GNU Radio Companion 3.6.2git-128-gdbc7a4c0 >>>

Showing: ™"

Figure 61 GRC software interface

2. In order to work with the generated python file enthe Linux terminal, the Options
block (Upper left block, Figure 61) must be configito do not show anything by the
graphical environment. The Figure 62 shows the gngpoptions block fields

configuration. The most important fields are thikofwing:

* ID: The Phyton file will be generated under this name.
* Generate Options: No GUI (Do not show anything by graphical environment.)
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*  Run Options: Run Completion

* Realtime Scheduling:ON

Parameters:

D top_block
Title
Author
Description
Window Size
Generate Options | No GUI

Run Options | Runto Completion 2 |
Max Number of Output |0

Realtime Scheduling on 2|

Documentation:

The options block sets special parameters for the flow graph. Only one
option block is allowed per Flow graph.

Title, author, and description parameters are for identification purposes.

| Cancel || OK

Figure 62 Options block properties
In order to establish communication with the USRRick, a block driver is necessary.

This block can be found under the name of UDH: USIRRJRCE, in the Block menu
(Right menu, Figure 61). The configuration propestior a simple receiver are shown

in Figure 63 and the most important parametersharéollowing:
e Output Type: Select the data type of the stream.

» Device Address:As explained above, the USRP devices are identiifietheans of its IP

addresses.

» Sync: This field is used to synchronize some USRP devicethis case should be set to

“‘Don’t sync”.

* Clock, Time source:In this case should be setdefault This means that the device will

use its own internal clock.
» Sample Rate:Set the desired sample rate.
» Center frequency: Choose the reception center frequency.
e Channel Gain: Choose the desired gain depending on the USRP tabghrd.
* Channel Antenna: Select the particular reception chanfX/TX.

* Channel Bandwidth: Choose the desired Bandwidth depending on the deximgiard.
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4.

e Properties: UHD: USRP Source

Parameters:

1D |usrp1 |

Output Type | Complex float32 7 |
Wire Format !Autumatic _, v |

Stream args
Stream channels
Device Addr
Sync

Clock Rate (Hz)

Num Mboards

Mb0: Clock Source

Mb0: Time Source
Mb0: Subdev Spec
Num Channels
Samp Rate (Sps)
Ch0: Center Freq (Hz)
Ch0: Gain (dB)
Ch0: Antenna

Ch0: Bandwidth (Hz) [if

| Cancelar || Aceptar |

Figure 63 USRP Source Properties

In order to make the resulting python code mordabke and easy to manage, the USRP
reception parameters are created as variables lafks, Figure 67). The variable
block can be found under the name of VARIABLE, ve Block menu (Right menu,
Figure 61).

The USRP digitalize the RF signal acquired in fafra complex stream (IQ data), this
digital signal should be divided depending on tmponent in two different streams.
To do this, two different conversion blocks aredexe Both blocks can be found under
the name of COMPLEX TO REAL and COMPLEX TO IMAG the Block menu
(Right menu, Figure 61).

Properties: Complex To Real Properties: Complex to Imag

Parameters: Parameters:

D D

|blocks_complex_to_imag_0

cmplextoreal_usrp1

Vec Length Vec Length

Core Affinity

Core Affinity
Min Output Buffer
Max Output Buffer

Min Output Buffer
Max Output Buffer

Figure 64 Complex to Real & Complex to Imag Propeies
6. With the purpose of saving the data acquired byB8&P, a couple of write stream to

file block are needed. This block can be found urtde name of FILE SINK, in the

Block menu (Right menu, Figure 61). The most raiy@arameters to configure are

92



the name, the path file location and the input t\gta. Notice that the input data type
must be the same as the USRP output data type.

. Properties: File Sink

Parameters:
D blocks_file_sink_0
Eile /home/gonzalo/Escritorio/Stanford_PFM/USRI ...
Input Type Float =
Vec Length
Unbuffered Off N
Append file Overwrite v

Documentation:
— file_sink —
make(size_t itemsize, char const * filename, bool append=False) ->
file_sink_sptr

Write stream to file.

Cancelar Aceptar

Figure 65 File sink properties

Having in mind to receive a certain number of sasph block which restricts the
samples received is needed. This block can be fanddr the name of HEAD, in the
Block menu (Right menu, Figure 61). The samplesi&zadhould be the number of
samples to record. Therefore, knowing the receptioa and the sampling frequency,
it is trivial to determine this parameter.

. Properties: Head

Parameters:

D blocks_head_0
Type Complex 2
Num Items s
Vec Length
Core Affinity

Min Output Buffer

Documentation:

— head —

make(size_t sizeof_stream_item, uint64_t nitems) -> head_sptr
copies the first N items to the output then signals done

Licaful Far huildina kack racac

Cancelar Aceptar

Figure 66 Head block properties

93



8. Once the whole blocks have been properly configutee USRP basic receiver is
created simply by linking the blocks together.

Options

1D: datagrab_usrpl Import
‘Generate Options: No GUI Import: math

Run Options: Run to Completion

Variable
1D: samp _rate

File Sink

Value: 5M B complex To Real File: ... 2/USRP2 lasbati.bin
ik v e Unbuffered: OFf

e Append file: Overwrite
1D: samples UHD: USRP Source

Value: 100M Device Addr: addr=...168.10.1

e
Ch0: Center Freq (Hz): ..42G |06t} =
Variable | ] g ]
Ch0: Gain (dB): 30 Num Items: 100M
ID: Tiempo_sec

Value: 20 ChO: Antenna: TX/RX
ChO: Bandwidth (Hz): 40M p—

File: ... 2/USRPZ lasbata.bin
Variabl lifl| compiex to Imag = =
i M Cemplextn jo] 1] ynbuffered: ofF
1D: freq_cent

Value: 157542G Append file: Overwrite

Variable
1D: gain
Value: 30

Figure 67 Basic USRP receiver
9. Finally, by clicking onGenerate the flow grap{Figure 68) a python file is generated.
This file contains the python source code for toe/fgraph and it can be easily executed

from a Linux terminal.

T *datagrabUSAPLgIC - MhomefgontalofEscritorio/Pablo/Pruebas uerp/baslc Testing - GHU Radio Companion

Cenerate the fow graph

Figure 68 Generate the flow graph

1.3DESIGNING A MULTI-USRP RECEIVER

Having in mind the USRP basic receiver model (Fegir), a Multi-USRP receiver is defined.
The whole blocks used to create a Multi-USRP reards/proportional to the number of USRPs
used; this means that each USRP requires the skmleshused to build the basic receiver.
Therefore, since the blocks that conforms the MRéceiver are exactly the same as the used
in the basic receiver, this section details onby/ Multi-USRP block configuration.

In order to establish communication with the USRIgsices, a block driver is necessary. This
block can be found under the name of UDH: USRP SOBI the Block menu (Right menu,
Figure 61). The configuration properties for a M&eceiver are shown in Figure 69 and the

most important parameters are the following:
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Properties: UHD: USRP Source

Parameters:

D |USRP_sync_123
Output Type Complex float32 3

Wire Format Automatic

Stream args
Stream channels

Device Addr

Sync unknownPPS 3

Clock Rate (H2) | Default
Num Mboards 3
MbO: Clock Source | External

MbO: Time Source | External

‘

MbO: Subdev Spec
Mb1: Clock Source  External

Mb1: Time Source | External

|

Mb1: Subdev Spec
Mb2: Clock Source | External
Mb2: Time Source
Mb2: Subdev Spec
Num Channels
Samp Rate (Sps)
Cho: Center Freq (Hz)
ChO: Gain (dB)
Cho: Antenna
Chi: Center freg (H2)
Ch1: Gain (dB)
Ch1: Antenna
Ch2: Center Freq (Hz)
Ch2: Gain (dB)
Ch2: Antenna

“ . 2

3

:
B BE

Cancelar Aceptar |

Figure 69 Multi-USRP Configuration

Output Type: Select the data type of the stream.

Device Address:.USRP devices are identified by means of its IP eskls. In order to
use several USRPs working together is essentl@e previously changed its default

IP addresses. The different SDRs are recognizémiifiolg:
addr0=192.168.10.1,addr1=192.168.10.2,addr2=192.1633

Sync: This field must be set tanknown PP $ order to synchronize the USRP devices
using an external clock and PPS signals.

Clock, Time source:In this case, set tefault This means that the device will use its

own internal clock rate.

Subdev Spec:Sub-device specification, follows the format “X:Yheing X the
daughterboard slot. USRP2 model cannot stand rreultipughterboard, that is why

UHD automatically select the unique sub-device tbifithe field is empty.

Sample Rate:Set the desired sample rate.
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Following the steps described above, and once lttodeblocks have been properly configured,

Center frequency: Choose the reception center frequency.

Channel Gain: Choose the desired gain depending on the USRP tiabghrd.

Channel Antenna: Select the particular reception channel: RX/TX.

Channel Bandwidth: Choose the desired Bandwidth.

the Multi-USRP GPS receiver is created.

Run Options: R

Options
1D: GPS _datagrabber
Generate Options: No GUI

un to Completion

Variable
1D: samp_rate
Value: 5M

Varlable
1D: gain
Value: 15

UHD: USRP Source
Device Addr: addr0...168.10.3
Sync: unknown PPS

MbO: Clock Source: External
Mbo0: Time Source: External
Mb1: Clock Source: External
Mb1: Time Source: External
Mb2: Clock Source: External

Variable
1D: center_freq
Value: 1.57542G

Samp Rate (Sps): 5M
Cho: Center Freq (Hz): .42G
ChO: Gain (dB): 15

Variable
1D: Samples
Value: 50M

Cho: Antenna: TX/RX
ChO: Bandwidth (Hz): 40M
Chl: Center Freq (Hz): .42G
Chl: Gain (dB): 15

Chl: Antenna: TX/RX

Variable
1D: Tiempo_sec
Value: 10

Ch1: Bandwidth (Hz): 40M
Ch2: Center Freq (Hz): .42G
Ch2: Gain (dB): 15

€h2: Antenna: TX/RX

Variable
1D: band
Value: 40M

Ch2: Bandwidth (Hz): 40M

Mb2: Time Source: External o

e Head =
B8 num items: som £

= Head
B Num Items: som (£
== Head o]
B2 Num Items: soM =

[ifll] complex To Real [ig]
Jii] complex to Imag [siif]

:‘;J
[Ii]| complex to Imag [out]

[Ii| complex To Real [rE]
fil] compiex to Imag [5ik]

Figure 70 Multi-USRP GPS receiver
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File Sink
File: . 92168101/USRFICI bin
Unbuffered: Off

Append file: Overwrite

File Sink
File: ..9216810USRP1Cq.bin
Unbuffered: Off
Append file: Overvrite

File Sink
File: ..92168102/USRP2B1 bin
Unbuffered: Off

Append file: Overwrite

File Sink
File: ..92168102/USRP280 bin
Unbuffered: Off
Append file: Overwrite

File Sink

—| File: ..5216B8103/USRP3AI bin

Unbuffered: Off
Append file: Overnrite

File Sink
File: . 52168103/USRP3Aq.bin
Unbuffered: Off

Append file: Overvrite




ANNEX II

PHASE CALIBRATION SIGNAL GENARATION

In order to explain how to generate the phase r@idn signal employed for this project, the

used method —both software and how to use it—he@lintroduced below:

1. Download and install Satgen v3 Software from Lab$i#tial website. Without license,
the software is restricted to run for only 120 setowhen creating GPS scenarios
(Racelogic Ltd, 2015).

2. After the installation of the Satgen software, ams&reen should be displayed. Satgen
software allows the user to recreate different &intlscenario receptions. In order to
recreate the reception of GPS signals from a stagnario, choose the opti&@tatic

scenarioas shown in Figure 71.

73 SatGen V333 No dong
Define static scenano

Static Sceneric Details
24
2

@ Set position 20
18

16
1«

Static scenario

Postion
37.441000 -122.143000 12
10

Height 100 m ’

Draw route

Length of scenarno 0:01:30

o N &

Deys 0° 300 350 400

]

Figure 71Satgen - Static scenario option

3. As may be seen from Figure 72, there exist twoomgtio set the scenario location: (1)

by filling in by hand thePositionform with the latitude and longitude of the dedire
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location expressed in decimal degrees or (2) bylsimsing theSet positiorbutton.

This option allows the user to search the deswedtion by exploring Google Maps.

r
Define static scenano 2 GoogleMapsForm = | & Y
Stetc . =
uab |
‘ oK
Lattude Longitude /
Setpos#on
41.50063082897047 2112851142883301 L

FOSR0on
37.441000 -122.143000

Height 100 n

Length of scenano 001:30 °

Days 0 :

Figure 72 Setting user location

4. Having established the static user location, sagreasand scenario parameters should
be determined. These parameters should be estblsmply by filling the form
depicted in Figure 73. From this form, the mostamant parameters to set are:

» Date and time of simulation:Since the main objective of this synthetic signal
generation is to combine it with real GPS datas itnportant not to simulate a
scenario in which satellite constellations areadsepresent when recording real
signal data.

Scenario Settings
Date of Simulation 18/05/2011 * Almanac ~ Manual ha

= GPS Almanac |2016-139.alm
= GLO Almanac
Dynamics Medium b
Update rate 10Hz hd BDS Almanac |BDS_20150610.2

UTC Time of Simulation  5:00:00

Elevation mask 5 - Initial acquisition delay  0:01:20 =
Height geoid none ¥ End delay 0:00:05 :—
Output VTG in NMEA file O GPSC/No(dBHz) 46 =

@ Glonass G/No (dB-Hz) 52 =
Beidou C/No (dB-Hz) 48 =

more [V

Figure 73 Date, time and signal parameters.

* Elevation mask: This parameter allows the user to discriminate it
satellites, the most high the elevation mask esntiost discrimination there will

exist.
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» Almanac: The GPS almanac is a set of data that every Gteflitearansmits,
and it includes information about the state (hgadfithe entire GPS satellite
constellation, and coarse data on every sateltitbis. In order to download the
correct GNSS almanac file, Satgen software alldwes user to choose two

different optionsautomaticallyor manually

Choosing theAutomaticoption, the software will download the almanac file
corresponding to the simulation date set by the. liserder to generate or not
satellite signals from the full constellation prels®n the scenario, Satgen

software uses the satellite information contaimethe almanac file, Figure 74.

@) @) current.alm

sxkoorkkox Week 874 almanac for PRN=-0O1 sokskokokskokok
ID: 21

Health: 000

Eccentricity: 0.5455017090E-002

Time of Applicability(s): 147456.0000
Orbital Inclination(rad): 0.9642171801
Rate of Right Ascen(r/s): -0.7714607059E-008

SQRT(A) (m 1/2): 5153.594238

Right Ascen at Week(rad): -0.2158616941E+001
Argument of Perigee(rad): 0.458603705

| Mean Anom(rad): -0.1787516803E+001
| ATO(s): 0.2098083496E-004
| Af1(s/s): 0.0000000000E+000
| week: 874

sxkororkkox Week 874 almanac for PRN-02 sskokokskkok
ID: 02

Health: 000

| Eccentricity: 0.1567840576E-001
| Time of Applicability(s): 147456.0000
Orbital Inclination(rad): 0.9430230783

Rate of Right Ascen(r/s): -0.7874613724E-008
| SQRT(A) (m 1/2): 5153.724609

| Right Ascen at Week(rad): -0.2204063369E+001
Argument of Perigee(rad): -2.117653362

Mean Anom(rad): -0.1436068547E+001
Afo(s): 0.5903244019E-003
Afil(s/s): -0.3637978807E-011
week: 874

Figure 74 Almanac file information

Since the main objective of this synthetic GPSa&igeneration is to obtain a single
satellite signal, this almanac file should be haratlified and manually loaded to
the software using the optidvianual This almanac file can be downloaded from
the U.S.C.G.N.C. (2016) and easily modified usinged editor; the resulting

almanac file should contain just the informatioriled desired satellites.

GNSS C/No:This parameter is nothing but the signal caroerdise density, which

should be set carefully depending on the applioatian this project application,

99



the GPS signal strength was recreated with thermai carrier to noise ratio value

allowed by the software which is 51dB-Hz.

5. Finally, generate the synthetic GPS signal by oligkthe Create Scenaridutton.
Satgen software allows the user to create diffeB$ signal output files depending
on the Labsat model that will be used to replay signal.

{ J
0
300 350 400 450 500 550 600 650 700 750

(% Create scenario = [c X4
| LabSat details "
[ | Creote scenorio
24
LobSat1 v {
Pick one constellation |10
< v GPS
=8
[ Almanac Menual v
| Pose GPS Aimanac
Output file :
| Bose GLO Almanac
outputbin Change

Pose BDS Aimanac

‘ |iol acquisition deley  0:01:20

%OK xoancel Enddelsy 0:00:05

prout GPSCMNo(dB-Hz) 46 °

m—iMault| Glonass C/No (dB-Hz) 52 =

Defoult! Beidou C/No (dB-Hz) 48.

Figure 75 Creating the scenario

Having executed the steps described above, thbetynlGPS phase calibration signal would

be ready to be combined in hardware with the sgaatjuired by the antennas.
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ANNEX I

GPS MULTIANTENNA PLATFORM RECORDER

Recapitulating, at this point, the GRC softwargéahation has been described, the GRC Multi-
antenna receiver generation has been explaineebgtsfep and the phase calibration signal
generation has been introduced in the annex beldrerefore, this section is dedicated to
introduce the user how to combine both real anthgfit GPS signals using the multi-antenna

platform recorder created in this project.

In order to replay the phase calibration signaht@é with Satgen software, a Labsat receiver
is needed. This particular receiver uses the soffwabsat to establish communication with
the personal computer where the data created hatlSatgen software is stored. Notice that
this section does not pretend to be a full usedeyof the Labsat receiver but it will define the
clue steps to take into account in order to usé dtesat receiver to replay a GNSS signal stored
in a personal computer. A brief guide of the sofevasage and its installation is introduced

below:

1. Easily and freely download and install the Labsztvgare from Racelogic official
website (Racelogic Ltd, 2015).

2. As may be seen in Figure 76, after the Labsat soéwstallation, a main screen should
be displayed. This interface allows the user tdaygprecord or configure the Labsat

receiver. In order to replay signals, the replaydeshould be chosen.
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ey . T e

Rr\Aepéay — Scenario kl:):\Lal::Sat\S(emmos\(SNS»S Test.bin )= |Browse - BBrot\:,se
oae Duration 00:04:00 Info. _ utton
Progress  00:00:37 e
Progress . 15% s
Bar S
> > siop [IJ] Button
Play Button v Buffer
v | Advanced Playback Control
v | RF Attenuation
v | GNSS Monitor
v ) Video Sync

LabSat SN: 014113 | Record and Replay

Figure 76 Labsat interface

3. From theReplay tab click theBrowsebutton to navigate to the phase calibration signal

file created with the Satgen software.

4. In order to replay the phase calibration signahpdy click thePlay button and check

the progress bar to ensure that the signal hasrepeoduced correctly.

Notice that the replaying method described abovewark with the first versions of Labsat
receiver (LabSat & LabSat2), if the user disposks datest device version, the method

explained may not work.

Having explained the phase calibration signal rephethod, the following lines will define
how to launch the GRC multi-antenna recorder ptatfcom Ubuntu:

1. Open a command terminal by pressi@gtrl+Alt+T
2. Browse to the Multi-antenna file location by tipgithe command:
cd path/Multi-antenna_python_file_location/

3. Before launching the Multi-antenna receiver androter to improve transfer efficiency,
it is necessary to increase the maximum socketbsize of the personal computer.

For this, the following commands must be executesger user:

sudo sysctl -w net.core.wmem_max=1048576
sudo sysctl -w net.core.rmem_max=50000000
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4. Finally, launch the Multi-antenna receiver by exewythe following command:
python Multi-antenna_python_file.py

Notice that in order to simplify the Multi-antentzinching process it could be interesting
to compress the full steps described above inglesstript. As depicted in Figure 77, this
script must be executed as super user so that laamnch the Multi-antenna application in

an easier and faster way.

B
# This script must be executed as Super User (sudo ./ScriptName)

S L L L e L L D L L B L L I L S L
#! [bin/bash

sysctl -w net.core.wmem_max=1048576

sysctl -w net.core.rmem_max=50000000

cd path/Multi-antenna_GRC _file_location/

python Multi-antenna_GRC _file.py

Figure 77 Multi-antenna launching script

It is trivial to determine that in order to combibeth real GPS and phase calibration GPS
signal, the applications that are broadcastingivete both mentioned signals need to be run

at the same time.
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