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Summary

Software radio or software defined radio (SDR) imadern concept of the
design of the radio systems where the crucial phthe signal processing is
realized by software in programmable devices.

In this paper we propose an Experimental GNSS Recand its application.
The experimental GNSS receiver is a real-time smiweceiver designed at the
CTU for investigation of GNSS and especially Galifeggnal processing.

The experimental GNSS receiver was used for inyattin of the EGNOS
system availability for a land mobile user. The E&NNis so far the sole GNSS
system, which provides safety of life service ie thuropean region. The main
problem of EGNOS for mobile users is shadowinghef EGNOS satellite by
various obstacles.

The EGNOS mobile channel based on the Markov psoees developed on
the theoretical part of this research. The experalepart covers model
parameters determination for various environmentsthe Czech Republic,
channel model verification, and mobile experimentsh optimal EGNOS
receiver for land mobile users.

For the purpose of proposed research, the spegradlgrocessing based on
parallel correlation was implemented into the ekpental GNSS receiver.
Proposed signal processing calculates the crosstabon function of the
received signal and replica simultaneously forcalsidered delays and thereby
accelerates the acquisition of the EGNOS spreactrspe signal.

Research has shown that EGNOS service is not dgnesailable in the
environment of the Czech Republic for land mobigers. The safety of life
navigation service should be ensured by anothethadetfor example by
distribution of the EGNOS data via an alternatiiarmnel.



Souhrn

Pojem softwarové radio nebo softwakalefinovane radio (SDR) se v asitip
poslednich létech uziva pro moderni koncept kokstruadiovych systéin ve
kterych je rozhodujicicast zpracovani signélu realizovana softwarox
programovatelnych obvodech.

V prednésce jefpdloZena koncepce experimentalniho GN8fheace a jeho
aplikace. Experimentalni GNSSiijpma¢ je softwarovy pjimac signat
druzicovych navigénich systémn GPS, GLONASS a GALILEO pracujici v
realném ¢ase, ktery byl zkonstruovan na katedradioelektroniky Fakulty
elektrotechnickéCVUT pro (ely vyzkumu metod zpracovani sighdBNSS,
predevsim pak signalkystému Galileo.

Prijimac¢ byl pouzit @i vyzkumu dostupnosti systému EGNOS pro pozemniho
mobilniho uzivatele. Systétm EGNOS je doposud jedBiySS systém, ktery
poskytuje v evropském regionu nawigasluzbu s garanci bezjpmsti (safety of
life). Hlavni problém g pouziti systému EGNOS mobilnim uzivatelem je @izk
elevace druzic a ztoho plynouci jejich zakryvaidiznymi prekazkami,
budovami ap.

V teoretické casti vyzkumubyl navrzen model mobilniho kanalu EGNOS
pouZivajici aparatu Markovovych progéesExperimentalni ¢ast vyzkumu
zahrnovala ufeni parametr tohoto modelu pro tzna prostedi v Ceské
republice, owfeni jeho spravnosti a pokusy s mobilnimijrpem pomoci
optimalniho pijimace EGNOS pro pozemniho mobilniho uZivatele.

Pro (tely vyzkumu byla navrzena a implementovana do expartalnino
prijimace zvlastni metoda zpracovani signalu zalozena malghai korelaci.
Pcita vzajemnou koretmi funkci @ijimaného signalu a repliky séasreé pro
vSechna pdebna zpozehi a tim urychluje vyhledavani signalu EGNOS.

Pfi experimentech se potvrdilo, ze sluzba EGNOS nemi mobilniho
uzivatele vCeské republice vieobecdostupna. Bezgaou navigani sluzbu je
tedy teba zajistit jinymi metodami, n&glad distribuci dat EGNOS pomoci
jiného komunik&niho kanalu.
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1. Introduction

Software radio or software defined radio (SDR) iedern architecture of
radio communication systems whose function is @efidby software. SDR
performs a significant part of signal processing icomputer or a reconfigurable
(programmable) logic device. The aim of this desgto develop a radio that
can receive and transmit new forms of radio prdt@w modulation just by
running new software.

Software radios have many applications in militamgmmunication, cell
phones and Global Navigation Satellite Systems (&N#here the modulation
schemes, coding and protocol are frequently char@ad of the first software
radios was a U.S. military project named SpeakE&kg. primary goal of the
SpeakEasy project was to use programmable progessamulate more than 10
existing military radios, operating in frequencyntda between 2 and 200 MHz.

The first post processing Global Positioning Systé@PS) software
implementation was described by Denis Akos in 1[29.7

The concept of the Experimental GNSS Receiver +timee GNSS software
receiver — designed for research and developmeapbpes was proposed at the
Czech Technical University in 2000. Its aim hasrbtestudy the processing of
GPS and Galileo signals. We have implemented intet only processing of
GPS signals but also GLONASS and EGNOS signals prepared it for
GALILEOQO, too.

The Experimental GNSS Receiver was used for inyastin of the EGNOS
service availability for land mobile users. The goesed method utilizes
specialized signal processing software for EGNO&8nokl model parameter
determination, model validation and for designta bptimal EGNOS receiver
for land mobile users.

2. GNSS systems

2.1. Principle of operation

The Global Navigation Satellite Systems (GNSS) iadil the ranging
navigation method. The GNSS receiver calculatepaisition from measured
distances between itself and three or more GNSSlit=t [4]. The measured
time delay between the transmission and recepticgaoh GNSS radio signal
gives the distance to each satellite, since theasigavels with a known speed.
The signal can also carry information about thelbte location, so computation
of user receiver position is possible.
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The GNSS signal is optimized for range measurenieEngpectrum is spread
by the modulation by the pseudo-random ranging oﬁtﬂé which ensures

good correlation property of the signal. Prime GN§Stems such as GPS and
GLONASS use BPSHKY) modulation schemes (1)

Sesc( 1) = C( 1) D t)cos{w,f), (1)
where signaID(t) represents navigation data asdis the angular frequency of
the carrier wave. A value ah expresses the bit rate Gft); it is equal tom f;,
wheref, = 1.023 MHz.

Some GNSS signals, usually called pilot signaks,maodulated by the ranging
codeC(t) only.

Modernized GNSS signals and new GNSS systems ssicballeo employ
more complex modulation like the Binary Offset @GarrBOC(m, n scheme
with better correlation property.

The BOC modulated navigation signal can be expdease
Ssoc(t) = C(9) D(1) s¢ Jcog@ 9, 2)

where signalsc( t) denotes the square wave subcarrier. The additemadre

wave modulation causes a split of the main speldt® into two symmetrical
components, which are shifted from the centre feagy of the signal
bandwidth. The parameten stands for the ratio between subcarrier frequency
and the reference frequenfy= 1.023 MHz, ana stands for the ratio between
the codeC(t) rate and.

The standard processing of the GNSS ranging signsds the correlation
reception method4]. The received signal is converted down to tlasdiband
and despread by multiplication by the replica (knopart of the signal) and
filtering (averaging or coherent integration).

Today's GNSS systems GPS and GLONASS were develapetilitary
systems and do not meet the civilian requirementgasition integrity and
safety. The civilian requirements on the GNSS systare solved by

* Augmentation of the existing systems
* Modernization of the GNSS systems
» Construction of the new civilian GNSS systems

2.2. EGNOS

The EGNOS (European Geostationary Navigation Oye8arvice)[5] is a
European satellite-based augmentation system of &RISGLONASS, which
provides users with wide-area differential correasi and integrity information.
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The EGNOS enhances performance of the GNSS syseafding service with

guaranteed position accuracy, integrity and safEfys service is called safety
of life service and is required, for example, imilcn aviation navigation, ship

navigation and many other applications.

The EGNOS system is controlled by its ground segmehich monitors the
GPS and GLONASS satellites above continental Eurepe calculates
differential corrections for improvement of positigrecision and generates
integrity information. The generated data are fliated to the user via
geostationary satellites. The signals of these EGNatellites are similar to
GPS ranging signals and can be used for distanasurmements. EGNOS
satellites therefore increase the number of swgllin the navigation system
constellation. The EGNOS signal utilizes BPSK(1)dmation. The EGNOS
navigation data are organized into one-second rgessavhich carry different
types of data.

The EGNOS standard defines the maximum age ofgbateims of EGNOS
data for safety of life navigation. The EGNOS rgeej therefore, must ensure a
sufficient update rate of these data.

The problem of application of the EGNOS for a lamobile user is limited by
the availability of the EGNOS signals disseminatet geostationary satellites
due to their shadowing by obstacles.

3. GNSS Software Receiver

3.1. Receiver concept

In the past, software GNSS receivers were used lynéom research and
education purposes and for receiver prototypitjgbut this concept has begun
to be used in mass receiver production, too. The @ this paragraph is to
discuss three concepts of the software receiviezediin GNSS.

The post processing GNSS software receivg8] does not work in real time.
The processed signal first has to be stored im@oter or generated artificially
by the GNSS signal simulator. The GNSS receiveralsuuns on a PC
workstation; receiver algorithms are programme@++ or Matlab.

The conventional real-time GNSS SDR receiver(Fig. 1) replicates the
architecture of the conventional GNSS receivern8ligrocessing is divided
between correlators, which are programmed to tHeéA;Rand a processor.



Y' RF Front FPGA c Positior
End — ADC [~ Sig. proc. — Computer —

Fig. 1. Convention GNSS SDR receiver architecture

The strength of this receiver concept is in itshhitexibility while keeping
high performance.

The processor-only SDR receiver solution(Fig. 2) performs all signal
processing, including correlation reception tasks,the DSP, universal or
embedded processor. The receiver processor, therefaust have adequate
computation power.

Y' RFE Eront Position
End — ADC > Computer ——

Fig. 2. Processor-only GNSS SDR receiver architectu

Processor-only software GPS receivers have widesilpbses of
implementation in mobile phones, digital camerad similar devices equipped
with high-performance embedded processors becaus@wointegration cost
[15], [16].

3.2. Experimental GNSS Receiver

The Experimental GNSS ReceiV@0], [12] is an SDR receiver developed at
the Czech Technical University for research aneiwer development purposes.
The main objectives in the receiver developmentehdeen to have a
development tool with the capability to process alhailable GNSS signals
including signals of future Galileo and to ensun®wgh computational power
for the implementation of advanced signal processiethods.

The first receiver hardware was available in 200% latest receiver hardware
(Fig. 3) supports simultaneous processing of theS6Mignals at up to four
navigation frequencies in four parallel channelse Bandwidth of each channel
is 24 MHz. The computational power of the FPGA useth an embedded
computer based on a PowerPC processor core iscisatfifor full rate
processing of up to four navigation frequencies andadequate number of
navigation signals. The problem arises only with tloherent processing of the
Galileo E5 signal because of the 70 MHz bandwidth.
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Fig. 3. Experimental GNSS receiver

The concept of an advanced software receiver wighdr performance and
capability to process the Galileo E5 signal wae g@iepared; the receiver is in
the process of functional sample manufacturing.

4. Availability of the EGNOS service for land mobik users

The important application of the Experimental GNRS&ceiver is its use for
experimental measurements for investigation of &vailability of EGNOS
safety of life service for land mobile us¢g$, [9].

4.1. EGNOS channel model

The topic of this chapter is the construction ahadel of a mobile EGNOS
channel. The shadowing of the line of sight (LO®SYh® signal is commonly
modeled by the two-state Markov random pro¢éks

For the purpose of this project, the EGNOS molil@nnel will be modeled as
the Markov random process with states 0 — blockebla— unblocked LOS. The
partial transition intensity matrix of the procesgjiven by

A =(O’oo 0’01j =£_/] A ) (3)
a, a, M —H
where A is the partial intensity of the unblocked LOS apdis the partial

intensity of the blocked LOS. Probabilitieg and 7z of blocked and unblocked
states are given
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(4)

L= A+ 1
Due to the physical nature of the shadowing protessime variabldl of the
Markov process was assigned to the physical distdéreveled. It guarantees

model invariability to the speed of the user moveine

The implemented EGNOS channel coding (convolutimoale with constrain
length 7 without interleaving) has pure burst ertorrection capability. The
impact of the channel coding to the mobile EGNOSsage reception therefore
can be neglected. The probability of correct rdoapbf the message is then
given

r, = 758" (5)
whereT, denotes the message length and the speed of the user movement.

The proposed channel model was then used for tmwatlen of more
complex statistics of the EGNOS message recepila the probability of
reception of at least one message from N messageg].

Antenna Diversity Reception

The possible improvement of the EGNOS signal alditg to land mobile
users by use of the antenna diversity receptiolnigoe was analyzed as well.
Theoretical analysis was done under the assumfitairthe message is properly
received using antenna diversity technique wheleagt one antenna is in an
unblocked state for the duration of the message fiobability of EGNOS
message reception for two antennas placed in tie cixuser movement at

distanced is, under the mentioned assumption, equal to qug(T) of the

antennas in operational states (at least one amtsnunblocked for that time)
for message duratioh,

20 (T) = Toa(T) Sor* 1 T) S0t 1{T) 81 (6)

wherer,, (T) denotes the conditional probability of sojournamy functional
state for timeT under the condition of initial statXY and s,, is the
probability of initial stateXY .
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4.2. Land mobile experiment

The aim of the EGNOS land mobile channel measurematetermination of
the theoretical model parameters for various emvirents and model validation.
In the frame of this task, two types of measurennaare carried out:

* Mobile measurement of the EGNOS satellite shadowing
* Mobile reception of the EGNOS messages

Experimental equipment capable of a quick respdogbe EGNOS satellite
signal was needed for proper EGNOS channel measmtenmCommon
navigation receivers are not applicable due to'lttreg” response on the signal,
typically about 1s. It would distort the result glow down the measurement
enormously. These reasons led to the developmespaidial equipment based
on the Experimental GNSS Recei8i}. The signal processing is based on a
parallel algorithm capable of responding very qlyicko the signal. This
algorithm was used for both EGNOS signal detectiod for fast acquisition in
mobile EGNOS message reception experiment.

4.3. Fast detection unit of the EGNOS signal

The speed-up of the navigation signal acquisitiam loe based on the massive
correlation principle that is used, for example, dgquisition units of high
sensitive or indoor navigation receivers. The mdea of the proposed method
Is the calculation of the cross-correlation functizetween the received signal
and the replica simultaneously for many delay aadudency bins.

The low value of the Doppler shift of the EGNOS GE#&2ellite signal enables
considerable reduction of the search space in cosgrawith the GPS satellite,
where the Doppler shift is much higher due to thtelste movement. With
respect to the frequency error of the Experime@GtdES Receiver frequency the
standard and maximum considered speed of user nentedaring experiments
20 m/s, the frequency uncertainty is a maximumagGHz.

The block diagram of the proposed algorithm fonaigdetection is shown in
Fig. 4. The signal is coherently integrated for ¥, nthe frequency bin is
therefore a minimum of 500Hz, so the frequency deazan be omitted
completely. The implemented algorithm calculatesdioss-correlation function
between the received signal and the replica inllehfar all delay bins in real
time. The response of the algorithm to the EGNO@ndi is therefore
determined by the non-coherent integration timdcivis 8 ms.

12



g 1&Q Parallel Noncoherent Peak
Demodulator Correlator Integrator Detection

Fig. 4. EGNOS signal detection algorithm

4.3. EGNOS receiver for land mobile users

The EGNOS receiver for mobile EGNOS message remeptias developed
and implemented in the Experimental GNSS Receilafgpm. The proposed
receiver is specially optimized for mobile satellichannels. The signal
processing is split into the real-time part and wffine part. Real-time
processing is programmed in the receiver FPGA weitibedded computer and
covers:

» Signal acquisition
» Code tracking
» Data acquisition

The signal acquisition is speeded up by the fastctien unit described in the
previous paragraph. The 1 ms samples of the ctoelpeak are stored in the
computer for further offline processing, which crsie

» Carrier recovery

* Bit synchronization

* Message synchronization

» Soft Viterbi decoding of the convolutional code
* CRC check

* Message decoding

The carrier recovery uses non-causal, two-steprighgas; the first step
Implements coarse carrier recovery and second mmaiés fine recovery. The
algorithm is featured with minimal synchronizatisgime and considerable
robustness. The remaining implemented algorithraghae standard ones used in
common navigation receivers.

4.4. Experimental Results

The mobile experiments were realized in two sessidihe first session was
carried out at the beginning of 2005. The aim ois tkession was an
investigation of the shadowing process of the EGNsatellites based on the
distance traveled in different environments. TheNEX® system Test Bed
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(ESTB) with operational satellites IOR on elevatidsi and partially AOR-E on
elevation 28 was available at that time.

The second session was realized at the beginnin@066. The regular
EGNOS satellites ESA Artemis with elevation®°32nd Inmarsat Il F5 with
elevation 32 were studied. The aim of the second session wastigation of
the EGNOS message reception availability.

EGNOS signal availability

Typical examples of the shadowing process with gelsgo the distance
traveled for country and city environments are ldiged in Fig. 5. On the basis
of realized mobile experiments, the typical valugsu and A (3) were
determined for the Markov model of the EGNOS si¢ehadowing (Tab. 1).
The city environment was further divided into tipeusely built-up areas which
are typical for modern housing, industrial areas, eind to areas with narrow
streets, which is typical for the historical pafrtite city.

Country
Blocked - .
Unblocked | | | - | | | ‘
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3
Distance [m] 4
x 10
City
Blocked
UnblCCkEd | | 7\7 - 7\ - . | - | | |
2.65 2.7 2.75 2.8 2.85 2.9 2.95 3
Distance [m] 4
x 10

Fig. 5. Typical shadowing of the EGNOS IOR satellit
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Tab. 1. Typical Parameters of the Mathematical Mode

) A Visibility
Environment “_ )
| | [m™] [m™] (T6)
aCI’Ite);_ sparsely bullt-up| 55601 | 002-004  60-80%
City — narrow streets 0.02 0.02 50%
Country 0.002 — 0.006 0.01-0.02 90-95%

The probability of the EGNOS message receptionvéorous speeds of user
motion was calculated on the basis of the matheadathodel. The results were

compared to the results obtained by a simulateé tlirough the given

environment represented by the measured satelaéeosving process. Basic
statistics, together with the statistics of thecassful reception of at least one

EGNOS message frohh messages, are in Tab. 2.

Tab. 2. Typical Reception Statistics

Probability of the EGNOS message reception
Environment N=1 | N=2 | N=3
Speed [m/s]
1 5 110 20| 5 | 10 | 20 10 | 20
City —
sparsely 0.66| 0.64|0.61| 0.57|0.66| 0.64| 0.61| 0.68| 0.69 | 0.68
built-up area
City —
narrow 0.52/0.48/0.43/0.38/0.53/0.48/0.44|0.57| 0.55 | 0.53
streets
Country 0.93 0.92] 0.90/ 0.88] 0.93/0.92/ 0.93] 0.95| 0.94 | 0.95

EGNOS message availability

The results of the second experimental sessiodiacessed here. In virtue of
experience from the previous experiments the cgugpe environment was

further divided into undulating and flat areas.
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Fig. 6. Example of the EGNOS message receptiors@mal strength in cities —
sparsely built-up area

An example of the experiment results is shown @ Bi Series of the EGNOS
message numbers received and decoded correctlyneodectly can be seen,
together with the signal strength for various emwments. In city and dissected
country areas we observed passages with totalldapekage, where reception
and message decoding is impossible. The best recepf the EGNOS
messages was naturally observed in flat countrp.aféhe observable short
message dropouts can be caused by the vegetatondathe roads, which
blocked the signal in a relatively short time.

The results were statistically processed and thbalnility of the case that the
time of reception of the message exceeded the qagenwas estimated. The
ultimate ages of the partial EGNOS messages forr@ites and precision
approach navigation are specified in standatd As far as we know, similar
limits for land mobile navigation have not beenicled yet.

The probability distribution of age of selected EGSI messages is shown in
Fig. 7. Messages No. 2 and No. 3 carry the faderdiftial correction and
integrity information. These messages are usuatysmitted at 6-second
periods. The maximum age of these messages is ciid® for en route air
navigation and 12 seconds for precision approagigagon. As an example of
a message with a long transmission period messagé&8was selected, which
carries ionosphere grid data. This message is riglesl with a maximum
period of 300 seconds. The maximum acceptable ftgsanessage for both en
route and precision approach navigation is 1200rss<
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Fig. 7. Probability that the message exceeds giverage in the city — sparsely
built-up area

If we use the criteria for EGNOS service availdapitiefined for air navigation
(due to a lack of similar criteria for land mobilavigation), it is clear that they
are satisfied with a good level of service in sageetions (or legs) of tracks
only.

The research showed that the EGNOS service asfigdeiti standard5] is
not available in the investigated environment ia &mtire area, but only in some
areas.

It depends on the particular navigation applicatamether it requires full
coverage or whether partial coverage is sufficithe maximum acceptable age
of the particular EGNOS messages for the land raaiavigation service should
be defined for the future.

7. Software receiver for railway signaling system

We have developed a software receiver for a railsiggaling system (Fig. 8),
that is industry application of the Experimental &N Receiver. The railway
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receiver is a dual-frequency (L1, L2) receiver dapaof GPS, EGNOS and
Galileo reception.
The receiver is designed on a standard PCB bo&d,x1100 mm, and

conforms to the industry environmental standara: fidteiver analog and digital
hardware is designed by progressive low voltagerelogy.

Fig. 8. Software GNSS receiver for railways

6. Conclusions

The SDR is modern architecture which is widely usmddesigning GNSS
receivers not only for research and educationapgees, but some software
GNSS receivers are integrated in mass productioipewgnt because of their
low cost.

SDR receivers are very flexible, which enables agog the receiver signal
processing and implementing new navigation sigraald systems by new
software download only.

Our research is oriented to the GNSS SDR. We ssfidgscaught the trend
of implementation of software radio to satellitevigation in 2000 and since
then, we have contributed by our research to tiveldpment in this new field.
We developed the GNSS SDR receiver for researclidanelopment purposes.
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The Experimental GNSS Receiver was used for inyastn of the
availability of the EGNOS system for land mobilestss In the theoretical part
of this project we developed an EGNOS channel mtmdand mobile use. In
the experimental part we developed special signacgssing for the
experimental receiver that enabled us to realizdil@meexperiments with the
EGNOS signal to determine the proposed model pdeaméor the particular
environment and verify the propagation model. Wé® amnplemented an optimal
receiver for mobile reception of the EGNOS navigiatlata.

Research showed that the EGNOS service as spetifisdhndard5] is not
available in the investigated environment in theolgharea, but only in some
areas.

It depends on the concrete navigation applicatidrether it requires full
coverage or whether the particular coverage isicseifit. The maximum
acceptable age of the particular EGNOS messagesthi®rland mobile
navigation service should be defined for the future

The results of our research carried out in 200®6espond well with the
official EGNOS policy[17]. In 2004, when we started our research, tfficialf
ESA opinion of EGNOS was that EGNOS was fully aggdble for land mobile
users. The aim of our research was to verify tssumption and to find the
method of receiving and processing the signaldadImobile use. In 2006 and
2007 the ESA websitd17] provided information about the projects of
distribution of the EGNOS data via alternative aela to increase service
availability for land mobile users.

Other activity concerning the software receiver @#sdapplication in GNSS
has been:

* Development of the software GPS/EGNOS/Galileo rexelor railway
signaling systems.

 The 6th Framework GARDA project, where we particgoain the
development of the SDR receiver for Galileo.
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