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ABSTRACT

Satellite navigation has emerged to be one of our every-day technologies, like wi-
reless communication. The U.S. based Global Positioning System, better known as
GPS, was the first system to serve civilian users. Today, GPS is under moderniza-
tion, Europe has devoted a lot of effort to build their own system, called Galileo, and
activities around Russian GLONASS system are also being re-initiated.

The users benefit of having multiple systems with more satellites available. This can
be made possible by the receiver, which should be able to process the new modula-
tions and frequencies introduced in modern navigation signals. This thesis is about
receivers for future Global Navigation Satellite System (GNSS). Especially the fo-
cus is on baseband issues of a combined GPS and Galileo receiver, with exploiting
their similar Code Division Multiple Access (CDMA) signal structure and shared
frequency bands.

The work presented in this thesis deals with the tools for research and development
of such a receivers, and outlines the potential future receiver architectures. For the
research community the biggest advantage in receiver simulators would be having a
standardized research environment, enabling the fair comparison of the results from
different studies, e.g. in the area of multipath mitigation.

The Software Defined Radio (SDR) has been discussed in context on GNSS recei-
vers before, in this thesis an overview of the current situation is given with discus-
sion on hardware and software trade-offs. Hardware engines are still dominating in
commercial receivers, but more flexible SDR architectures are emerging in research
tools. Last, a novel approach of using a multicore processing platform architecture
for GNSS receiver implementation is presented. This approach is seen to have a
great potential in future receivers, especially since it could also be used to realize
other technologies, like wireless communication, in the same device.
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1. INTRODUCTION

In the early 1990’s quite few people had a phone in their car. After a bit more than
a decade, a person without a personal (mobile) phone is more exceptional than one
with a phone. The same thing is now happening to satellite navigation receivers. In
the early 2000’s the car navigators started to enter to the markets, and now in the end
of the very same decade quite many people are trusting their on-road navigation to
satellites. Besides cars, the satellite navigation has also entered to pedestrian level,
where it is usually integrated with communication technology into the same device.

American Global Positioning System (GPS) was the first one to offer global satel-
lite positioning. It is been followed by Russian GLONASS and European Galileo
systems. By mid-2010’s there will be more satellites for navigation in the sky than
ever. New systems and the modernization program of GPS are introducing new fre-
quencies, signals and modulations for GNSS, improving the service capabilities of
the systems, but also making the receivers to be more complex.

Besides these new challenges, some old challenges of GNSS, like the multipath still
exists. Multipaths are still one of the most dominant error sources in satellite posi-
tioning and the research in field of multipath mitigation is active and is constantly
providing new receiver algorithms. The tools for algorithm studies have also devel-
oped quickly in last years, and now the availability of such tools is good. Problem is
that the tools are not standardized and thus the comparison of different studies might
be difficult.

The receiver complexity increases because of the new signal structures are introduced
for future signal specifications, and new algorithms to improve receiver performance
are introduced frequently. From these reasons, flexibility is seen as an asset for a re-
ceiver. The current mass market receivers are mostly based on hardware implementa-
tion, where the cost gives an restriction for receiver complexity. The implementation
trend is moving towards software realization and Software Defined Radio (SDR) is
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seen as the architecture for future GNSS receivers.

1.1 Scope of the thesis

The work presented in this thesis is on the area of satellite navigation receivers. The
field of navigation receivers is wide, since there are as many types of receivers as
there are applications for them, and thus it cannot be fully investigated in one thesis.
The work presented in this thesis is focusing on the mass market receivers. There the
market driven factors, such as low unit cost in production and low power consumption
are dominating over other, but still important factors.

The topics (from top to down) covered in this thesis are as follows:

• What are the Global Navigation Satellite Systems (GNSSs) now and in the
future?

• How do GNSS receivers work and what kind of challenges they face with the
modernization of the systems?

• What kind of tools are available for GNSS receiver research?

• What are the multi-system and multi-frequency implementation issues in GNSS
receiver baseband?

• Is the Software Defined Radio (SDR) based receiver architecture the future
solution?

Based on the topical scope listed above, the objectives of the research reported in this
thesis are the following:

• To analyse the available simulation tools for GNSS receiver research and de-
velopment.

• To find feasible baseband structures to be implemented in multi-system (GPS
and Galileo) mass market receiver and to extend those to create feasible base-
band solutions for multi-frequency processing.
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• To find potential architectures for the next generation GNSS receiver where the
issues discussed in the previous item could be realized.

In relation to presented objectives, the contributions of the work presented in this
thesis are in discussion of GNSS simulation tools, future GPS/Galileo receiver archi-
tectures and a novel approach of having multiple cores in SDR GNSS receiver.

1.2 Thesis organization

This thesis is composed of two parts. Part one contains introduction to the topic of the
thesis and does not contain any new research results. Part two encloses Author’s pub-
lished work, seven publications published during 2006–2009 and previously unused
in any academic thesis or dissertation.

The introductory part of the thesis is organized in such a way that it should enable
the reader with no GNSS background to understand the work presented in this thesis.
Chapters 2 and 3 are more general and tutorial-like. Chapter 2 focuses on the satellite
navigation, where topics including the application itself, satellite navigation systems
and the users, are discussed without deep technical details. Chapter 3 is about satellite
navigation receivers. It should give a quick walk-through what receivers actually do,
thus providing the necessary understanding of the functionality needed to solve the
user’s position.

Next chapters are more related to the topics covered in enclosed publications. In
Chapter 4, the tools for GNSS receiver research and development are discussed.
Chapter 5 contains discussion about different architectures for GNSS receivers, es-
pecially focusing on the baseband.

In Chapter 6, the enclosed publications in part two are summarized. Five papers pub-
lished in international conferences and two articles published in international jour-
nals are enclosed. This chapter is highlighting main results and contribution for the
GNSS researcher community by presenting the effort of unifying the research tools,
studies of combined GPS/Galileo receivers, and novel multiple core SDR approach
for GNSS receivers. Chapter 6 also defines the Author’s contribution to presented
publications.

Finally the conclusions of the presented work are drawn in Chapter 7.
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2. SATELLITE NAVIGATION

Probably the most frequently asked question, to which satellite navigation can pro-
vide an answer to is ”Where am I?”. The advantage of satellite navigation over other
means (e.g. maps, stars, tourist guides) in getting the answer to the previous question
is that it is global, independent of weather and the time of the day, and it is usually
easily accessible to the one who is asking (if a proper receiver is available).

2.1 Fundamentals for satellite positioning

The global property of satellite navigation is enabled by a constellation of satellites,
hovering on a medium Earth orbit (MEO) [41]. These satellites are transmitting conti-
nuous signals toward our planet. The transmitted signals and orbits of the satellites
are constantly monitored by a network of ground stations. At the surface of the Earth,
and with no blockage by tall buildings, walls, roofs, or any natural land shapes, the
user’s receiver is able to receive these signals.

When the line-of-sight (LoS) signals are received, the receiver is able to identify the
signal sources either from the coding used or the frequency of the signal. When the
sources have been identified, the distance between the signal source and the receiver
can be measured. In satellite navigation this distance is called a pseudorange. Pseu-
dorange is measured as the time difference between the transmission and reception of
the signal. The time difference should be measured accurately, since the radio waves
travel at the speed of light, and small errors in time yield to large errors in pseudo-
range. The relationship between a pseudorange ρ and the travel time of the signal ∆t
is illustrated in Equation 1, where c equals to the speed of light (299,792,458 m/s).

ρ = c∆t (1)
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After successful determination of four or more pseudoranges, the receiver is able
to estimate its position by using multilateration methods. The relationship between
measured pseudoranges ρi, known satellite locations (xi,yi,zi) and the unknown lo-
cation of the receiver (xu,yu,zu) and clock bias bu is illustrated in Equation 2. Clock
bias needs to be solved because imperfect clocks in receivers cause too much error in
pseudorange measurement.

ρi =
√

(xi− xu)2 +(yi− yu)2 +(zi− zu)2 +bu (2)

The previous equations give only the fundamentals for positioning by using satellites.
More detailed description of this is well documented in literature, e.g. in [41], [8],
and [61]. In practice, the satellite navigation application has been realized already by
NAVSTAR Global Positioning System (GPS) in early 1990’s.

2.2 Global Satellite Navigation Systems

In this section global satellite navigation systems are discussed.

2.2.1 GPS

As mentioned before, the American NAVSTAR Global Positioning System (GPS)
was the first realization of Global Navigational Satellite System (GNSS). In the li-
terature the system is commonly referred to as GPS, without NAVSTAR, and this
practice will be adopted for the rest of this thesis.

GPS’s predecessor was the first space-based navigation system, U.S. navy navigation
satellite system called Transit [41]. Starting from the year 1964, Transit provided a
two-dimensional positioning service, with update rate depending on the user’s lati-
tude. The slow update rates of the position fix were suitable for naval navigation, but
unsuitable for users with higher dynamics, as aviation and road users.

The previous limitations led to the development of systems for higher dynamics. U.S.
Air forces conceptualized System 621B, which introduced some fundamental ideas
which are still used in satellite navigation, like the usage of pseudorandom noise
(PRN) codes for ranging [61].
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Different from System B621 and Transit, GPS was intented to have dual use, military
and civilian, from the beginning. Starting from the program establishment in 1969,
the GPS developed to gain initial operational capability (IOC) in 1993 and full opera-
tional capability (FOC) in 1995 [62]. The FOC status of GPS has continued to these
days. Standard Positioning Service (SPS) is the service offered to the civilian users
and Precision Positioning Service (PPS) is reserved to military only [41].

The accuracy of the civilian GPS increased with the removal of Selective Availability
(SA) in May 2000 [92]. The SA was an intentional degradation of the accuracy of
GPS SPS. This yielded to a sudden increase of the number of civilian users, and
nowadays the number of civilian users of GPS is many times higher than the number
of military users.

From a technical point off view, SA was comprised of intentional manipulation of na-
vigation data and dithering the satellite clock. This caused variations to pseudorange
errors, up to 70 meters [62]. The effect of SA is illustrated in Figure 1. There, the
signal captured by researchers from Stanford University and Datum-Irvine was able
to show the exact moment when SA was stopped [27].

GPS achieves global coverage with at least 24 operational satellites circulating Earth
in 6 orbital planes located approx. at 20,200 km above Earth’s surface. At the time of
the writing the constellation included 29 operational satellites of total 32 [87]. This
arrangement guarantees visibility of 4 to 10 GPS satellites anywhere on the planet,
thus enabling global navigation [62], [41].

GPS modernization program is updating the system to meet the 21st Century de-
mands of accuracy, availability and reliability. New families of satellites are planned
to launch, carrying new technology and new system features, such as navigation fre-
quencies and signals [62].

2.2.2 GLONASS

In parallel with the evolution of U.S. based GPS, the Russian system GLObal’naya
NAvigatsionnaya Sputnikovaya Sistema (GLONASS) was developed. After Cold War
in early 90’s, Soviet Union collapsed and Russia inherited the satellite systems. Rea-
soning from political and economical issues, the past development in GLONASS has
not been as fast as in GPS [62].
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Fig. 1. The termination of GPS Selective Availability c©Datum, Inc., 2000. [27]
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However, at the time of the writing the development around GLONASS has been
activated again. Currently, a constellation of 19 GLONASS satellites is available
(17 operational, 2 in maintenance [69]), with plans of achieving 24 satellite FOC in
2010 [32]. The new modernization rumours include an addition of new signal using
Code Division Multiple Access (CDMA) technique, similar to the one GPS uses. The
legacy GLONASS is built around Frequency Division Multiple Access (FDMA), so
this would be a big fundamental change. And today, some actors see GLONASS as
the second distinct global satellite navigation system [31].

2.2.3 Galileo

In the early 2000’s the challenge of building European radio navigation system, called
Galileo, was claimed to be as ”The clearest demonstration of the (European) Union’s
higher profile in the global transport market” [18]. The same whitepaper [18] also
identified the satellite navigation to be a strategically important technology and sta-
ted that ”Europe cannot afford to be totally dependent on third countries in a such
strategic area”.

The development of an European system from those days has been slow, full with de-
layed milestones. At the time of writing, the system is in In-Orbit Validation (IOV)
phase with two test satellites, called GIOVE-A and GIOVE-B, already in space. The
first satellite, GIOVE-A (GIOVE = Galileo In Orbit Validation Element) was laun-
ched on the 28th of December at 2005 [20]. The initial objective for this launch was
to secure the frequencies allocated by the International Telecommunications Union
(ITU) for the Galileo system [22].

The successor satellite, named GIOVE-B, was launched on the 26th of April in 2008
[21]. This satellite carried new clock technology with the first implementations of
new signal modulations to be used in final system [74].

The final Galileo constellation will consist of 30 satellites, located in three orbital
planes. The orbits have 56◦ inclination and they are at 23,616 km above Earth’s
surface [62].

The Galileo system will offer several types of services to the users. Open Service
(OS) is free of charge, Safety of Life (SoL) is dedicated to emergency services, Public
Regulated Service (PRS) is reserved for non-civilian usage and Commercial Service
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(CS) is offering better position accuracy for those who pay [41].

The European Commission (EC) has identified the areas that are fundamental for
Galileo system recognition and market penetration. To support the activities in these
areas, the calls in the 6th Framework Programme (FP6) included topics of Galileo
user segment, local elements, introductions of services, thematic support, and appli-
cation market development [70]. The activities around Galileo are further supported
in 7th Framework Programme (FP7). This thesis includes work carried out in both
FP6 (GREAT project [71]) and FP7 (GRAMMAR [34], CRISP [81]).

2.2.4 Other sources for satellite navigation

Besides the three systems already discussed, China has shown some interest of buil-
ding own systems, called Compass. There exists also plans for regional systems, like
Japanese Quasi-Zenith Satellite System (QZSS) [41].

Satellite based augmentation systems (SBASs) are not standalone navigation sys-
tems, but they aim to provide better accuracy for GPS. Augmentations for GPS are
Wide Area Augmentation System (WAAS) in North America, and European Geosta-
tionary Navigation Overlay Service (EGNOS) [62], [41].

2.3 Users of GNSS application

This section discusses the users and industry around GNSS systems.

2.3.1 Use cases for GNSS

As mentioned before, the presidential declaration of removal of Selective Availability
of GPS in May 2000 affected exponetially to the number of civilian users of GPS.
Nowadays, GPS is used in numerous ways, both for work and fun.

Personal navigation

Perhaps the most known form of personal navigation are car navigators. The small
positioning device telling where to go has become an essential accessory for those
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who drive for work (e.g. taxi drivers, truckers) and it also eases the stress when one
is going to holiday by car. Some of the new cars sold today carry an integrated, or
in-dash GPS navigator.

Satellite navigation enabled mobile phones, like e.g. Nokia N97, E90 Communicator,
6710 Navigator [60], Sony Ericsson W760i [76], and Apple iPhone [2] have been
emerging during last years. These devices have overdriven the standalone personal
navigation devices (PNDs) used mostly by smaller subgroups of users (e.g. hunters,
hikers).

The availability of satellite navigation has also created new applications. One off-
spring of the technology is the leisure activity called geocaching, where GPS is used
together with an internet database to world-wide treasure hunting [35].

Object or person tracking

When satellite navigation is combined with communication technology it can be used
also to track objects and persons. Asset tracking is one example of this, trains, trucks,
and valuable containers can be tracked for better management and increased security
[62].

Personal tracking applications are developed for sports, both to enhance training,
e.g. [79], and spectator experience in sports like car racing, orienteering, triathlon and
cycling. Health and medical applications of satellite navigation include e.g. tracking
of persons suffering from Alzheimer’s disease [62]. GPS has also been used for
offender supervision [93].

2.3.2 GNSS industry and markets

With the development of GPS, also the whole new branch of industry - GPS industry
was born. Now the industry is evolving toward GNSS. The drivers for this, originally
U.S. based, industry have been the demands from military, civilian and scientific
users. The GNSS industry players can be divided roughly to two categories; receiver
manufacturers and chipset vendors.
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Receiver manufacturers

Receiver manufacturers are companies that make navigation products from third
party components. The PND brands like Magellan [54], TomTom [82] and Gar-
min [29] are familiar to anyone who has thought about bying a GPS receiver.

Chipset vendors

GNSS chipset vendors are companies that make the integrated circuits (ICs) contai-
ning the GNSS receiver functionality. They sell their products to the receiver manu-
facturer companies and are not usually recognized by name by an average satellite
navigation user. The smaller companies that offspringed with the navigation tech-
nology are in a hard place today. The similar performance of GPS products and the
synergies with other technologies, such as wireless communication [38], are driving
the big, multitechnology companies to dominate the industry [63].

Market trends

GPS enabled mobile phones is the area of receivers which is the fastest growing
in business. It is estimated that in year 2012, 370 million GPS-enabled mobile
GSM/WCDMA handsets will be shipped to markets worldwide. This is about 26
percent of the total number of phones that will be sold on that year [6]. For compa-
rison, the estimate for European sales of PNDs (standalone GNSS receivers) in 2012
is 31 million units [5].



3. GNSS SIGNALS AND RECEIVER FUNDAMENTALS

In the previous chapter the application of satellite navigation was described, with the
introduction to application providers and the uses of it. In this chapter a more de-
tailed description of how the navigation receivers actually work is given along the
description of navigation signal characteristics. The GNSS receiver should receive
the signals, find the satellites, measure the pseudoranges and other necessary obser-
vations, and then estimate the position, velocity and time (PVT) solution.

3.1 Reception of navigation signals

The essential part of the receiver functionality is to be able to receive signals from
the desired frequency bands. The challenge in reception is that the satellite signals
travel more than 20 thousand kilometers through space, and when arriving at surface
of the Earth, they are totally buried under noise.

In this thesis the focus is on GPS and Galileo signals in shared frequency bands,
reasoning from the existing availablity of GPS L1 signal (GPS SPS), shared property
of CDMA based signal structure in both, co-operation between U.S. and European
navigation authorities ( [85], [86]), and the project history ( [71], [34]) of the Author.

3.1.1 Navigation frequencies

All satellite navigation signals are located at so called L-band. The IEEE L-band is
located between 1–2 GHz frequencies.

GPS and Galileo frequency bands are illustrated in Figure 2 [19]. From the figure it
is clear that the two bands, GPS L1/Galileo E1 centered at 1575.42 MHz and L5/E5a
centered at 1176.42 MHz, are of interest when dual frequency receivers are consi-
dered. This claim is supported by the results shown in [P7]. There, the analysis
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Fig. 2. GPS and Galileo signal frequency bands c©ESA/GSA, 2008 [19].

presented shows that the Galileo dual frequency combination of E1/E5a is the most
promising in terms of acquisition time, power containment in realistic receiver band-
witdhs, coherent integration, and best compability with GPS signals.

The implementation cost of dual frequency receiver is discussed in Section 5.2.3 and
in [P7].

3.1.2 Antenna

The first part interfacing the signals in a receiver setup is antenna. All GPS and Ga-
lileo antennas are characterized by two common factors; they are optimized for right
hand circular polarized (RHCP) radiowaves and their radiation (same as reception)
pattern is hemispherical. GNSS antennas are usually tuned to receive only a few MHz
bandwidth (BW) around the center frequency of the band, and they also may (active
antennas) perform initial amplification of the received signal [41].

3.1.3 Radio-frequency stage

The function of a radio in a GNSS receiver is to perform signal conditioning in such
a way that it can be processed later on in the receiver. A simplified block diagram
for a typical radio is given in Figure 3. First, the incoming signal is filtered and am-
plified with a low noise amplifier (LNA), then it is down-converted to a frequency
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Fig. 3. A Simplified block diagram of a radio.

range more suitable for the rest of the receiver. Down-conversion is done by mixing
the incoming signal with a wave from a local oscillator (LO). Then the resulting
high frequency component ( fsignal + fLO) is filtered out and the remaining low fre-
quency component ( fsignal− fLO) is converted to a digital form by an analog-to-digital
converter (ADC) [41].

Usually the resulting low frequency component is greater than zero, also called inter-
mediate frequency (IF). Most of the current GNSS radios are of this type, also known
as heterodyne radio.

The radio illustrated in Figure 3 uses only one LO wave for down-conversion and
has only one ADC output, therefore its outputs are real digital values. Some GNSS
radios use also 90◦ phase-shifted version of LO wave to produce additional imagi-
nery output from the down-conversion process. In these radios, components after
down-conversion are duplicated to produce complex digital output (i.e. both real and
imaginery values).

Direct conversion

In direct conversion, also known as homodyne radio, the local oscillator produces
such a frequency fLO that it result to a zero center frequency for the desired signal
and no IF component remains. The advantages of this architecture over heterodyne
radios are that it does not need image rejection, and also the integration using fewer
components becomes easier. But, these advantages do not come for free. Direct
conversion brings issues that are non-existing or not so severe in low IF reception.
The problems of direct conversion such as DC-offset, LO leakage, I/Q mismatch, are
keeping the IF architecture still more popular [52].
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Commercial GNSS radio front ends

A few of the currently1 available commercial GNSS RF front end ICs are listed in
Table 1 with some selected characteristics. The table contains radios that are either
actually used in the presented work or referenced in this thesis, for more extensive
overview of radios, see e.g. [51].

Table 1. Some commercial GNSS RF front ends [3], [58], [72], and [95].
Manufacturer RF Band BW [MHz] fIF [MHz] Output

Atmel ATR0603 L1 2 4.123962 Real, 1 bit
Nemerix NJ1006A L1 3.5 4.188 Real, 2 bits

SiGe SE4210L L1 2.2 or 4.4 near zero Complex, 2+2 bits
Zarlink GP2015 L1 1.9 4.309 Real, 2 bits

What comes clear from the previous table is that the output from radio is digital (i.e.
the radio contains an ADC), and in low-cost radios typically only one or two bits
wide. Multiple bit outputs from radios use sign and magnitude notation.

3.2 Finding the satellites

The navigation satellites can be identified based on their signals. This is possible due
the communication technique called spread spectrum (SS).

The idea behind spread spectrum is to distribute (or spread) the signal over a large
frequency band and transmit it with low power per unit bandwidth. One of the many
possible methods to do this is Direct Sequence (DS) technique. In DS-SS the higher
rate chip sequence is modulated to data symbols resulting in a spread band [44].

In Direct Sequence technique pseudorandom noise (PRN) codes are often used, and
this is also the case in code division multiple access (CDMA) systems. In CDMA,
each transmitted signal (satellite signal in GNSS case) has its own, unique higher
chip rate modulation, or PRN code. From aforementioned systems, GPS and Galileo
are CDMA systems, whereas GLONASS is using frequency division multiple ac-
cess (FDMA) modulation. In FDMA all signals use the same PRN code, but carrier
frequency is different for each satellite [90], [19], [68].

1 NemeriX filed for bankruptcy in early 2009, and thus their products are no longer available.
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3.2.1 Ranging codes

In navigation satellite systems, PRN codes are used for ranging. Besides this, they
also help identify the transmitters and to recover the datasymbols from noisy recep-
tion. PRN codes appear to be random signals (i.e. noise), but as the name suggests
they are only pseudorandom, meaning that they can be generated and reproduced in
a controlled way.

GPS L1

In GPS L1 signal, the PRN codes are based on Gold codes [41]. GPS L1 codes are
also often called C/A (Coarse Acquisition) codes, since they were originally devel-
oped for helping in the search of the long military codes used in GPS PPS [41]. Gold
codes are generated by a linear feedback shift register (LFSR). The content of LFSR
shifts by one bit at each driving pulse (i.e. code clock) and the new input is taken as
an exclusive-or (XOR) function of dedicated bits in LFSR. The maximum length of
a generatable bit sequence is 2n−1 bits, where n stands for the length of LFSR. The
generated bit sequences appear to have very noise-like statistical properties [33].

The truth table for a XOR function with two inputs is given in Table 2. The function
with more inputs can be derived from this by cascading two-input XORs, but in
principle an even number of ones in inputs causes a logical zero at output, whereas
an odd number of ones results in a logical one at output.

Table 2. Truth table for logical XOR function.
Input A Input B Output

0 0 0
0 1 1
1 0 1
1 1 0

The GPS C/A code generator is illustrated in Figure 4. It consists of two 10-bit long
LFSRs (G1 and G2 registers), with feedback polynomials given in Equation 3 and 4.

f1(x) = 1+X3 +X10 (3)
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f2(x) = 1+X2 +X3 +X6 +X8 +X9 +X10 (4)

There, fi(x) represents the new input value for register Gi and Xn means that the nth

bit value of the register is fed back to the XOR. The equation should be read in a way
that when the content of G1 and G2 registers is set to all ones in reset, the first input
value is always zero. This is similar with parity check.

After reset the values of registers start to change, and when the 1023rd(= 210− 1)
stage is achieved, the decode logic will generate a new reset. The 1024th stage would
be all zeros, fatal to registers to recover.

In GPS C/A case the LFSRs are driven at the speed of 1.023 MHz, which together
with the chip count of 1023 results in epoch time of 1 ms. Since GPS data is syn-
chronized with PRN generation, the clock for data (50 Hz) is derived from epoch
frequency (1 kHz).

In the output of the code generator the last bit of both registers are XOR’red together.
The different PRN codes are created by delaying the G2 output by XOR’ing it with a
delayed copy of itself. The tapping (or delays) for phase selection logic are given in
the signal specification [90].

GPS L5

For GPS L5 signals, similar LFSR structure is used for code generation. Unlike GPS
L1 signal, the L5 signal contains two PRN codes, one for in-phase (data) and other
for quadrature-phase (pilot) component of the signal [89]. The code generator for L5
is illustrated in Figure 5. In this case, three 13-bit long registers are used to create
XIi(t) and XQi(t) outputs. These outputs are 10230 chip long sequences, generated
by XOR’ring 8190 long XA register output with 8191 long outputs from XBI and
XBQ.

In this case, the different PRN codes are created by changing the initialization values
of the XB registers, these initialization values are listed thoroughly in signal speci-
fication [89]. The code generation is driven at 10.230 MHz speed, resulting in 1 ms
epoch periods for L5 codes. The data rate of L5 signals is also 50 Hz, and the signals
also contain 10/20 symbol Neuman-Hoffman coding [83].
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Fig. 4. GPS C/A code generator. No copyright [90].
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Fig. 5. GPS L5 code generator. No copyright [89].
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Fig. 6. Galileo E5 code generator c©ESA/GSA, 2008 [19].

Galileo E5

Galileo E5 signals (E5a and E5b) are also using code generators for creating PRN
codes. The code generator for Galileo E5 signals is illustrated in Figure 6. For
Galileo E5a/b signals the registers are 14 bits long. All register preset values for E5a
and E5b code generation can be found in [19]. Clearly it can be seen that there are
similarities between code generation in both systems.

Galileo E1

In Galileo E1 OS signals, memory codes are used instead of generatable ones. Me-
mory (or random) codes were selected to be used in Galileo E1 OS signals because
they seemed to offer better cross-correlation properties.

From the implementation point of view memory codes are not that desirable, since
they need to be saved to the memory of the receiver. In specification [19], 50 code
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strings for data signal (E1-B) and another 50 for pilot signal (E1-C) are specified.
With the codelength of 4092 chips per epoch, the implementation of E1 codes in a
receiver will consume approximately 50 kBytes of memory.

Other signals

Out of the GPS signal’s not further discussed in this thesis, modernized GPS L1 Civil
(L1C) is by the specification using also LFSRs of length 11 bits, resulting in 1800
long codes to be used [91] (i.e. not using the full space). For GPS L2 civil (L2C)
signal a different scheme of time-multiplexing long codes (CL) with moderate length
codes (CM) is used [26].

3.2.2 Modulation techniques

The pseudorandom code is modulated to the navigation data and further with a carrier
wave. In GPS L1 signals, Binary Phase-Shift Keying (BPSK) is used, but for new
signals more navigation specific modulations have been introduced.

Binary Phase-Shift Keying

BPSK modulation is used in GPS L1 [90] and L5 [89], and it will also be used in
Galileo E5a and E5b signals [19]. In BPSK the combined data and PRN code wave
is multiplied with the carrier, and whenever there is a sign change (assume±1 values)
in the coded datastream it results in a 180◦ phase shift in the carrier wave.

Binary Offset Carrier modulations

The origins of BPSK modulation are in communications. Since navigational signals
need not just to carry data but to maintain precise timing as well, a new modulation
technique, Binary Offset Carrier (BOC) modulation was presented [7]. In BOC mo-
dulation the coded data signal is multiplied with an additional binary subcarrier. The
BOC modulation can be denoted as given in Equation 5, where fs is the subcarrier
frequency, and fc is the code rate. For simplification, fs and fc are often normalized
by the nominal frequency of 1.023 MHz [7].
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BOC( fs, fc) (5)

Originally, it was BOC(1,1) modulation which was specified for Galileo E1 signals
[28]. The agreement with GPS and Galileo authorities further specified the usage
of Multiplexed BOC modulation (MBOC) [86]. The MBOC is specified only by its
power spectral density (PSD), which leaves the implementation details open. For
Galileo E1 signals, MBOC is implemented as composite BOC (CBOC), where two
weighted BOC components are added together [19]. The studies over spreading mo-
dulations have resulted in a recommendation of using BOC(1,1) with BOC(6,1), a
combination which is suitable even for a receiver implementing BOC(1,1) with a
maximum penalty of -0.9dB in reception power [37]. The relation of the modulation
components of Galileo E1 CBOC modulation is expressed in Equation 6.

10
11

(BOC(1,1))+
1

11
(BOC(6,1)) (6)

3.2.3 Autocorrelation function

The autocorrelation function (ACF) result of PRN modulated signal reaches its maxi-
mum when the signal is correlated with a copy of itself having exactly the same phase.
When the signal is correlated with a copy having a different phase, the ACF result is
much lower. ACF for a random binary sequence g(t) is defined in Equation 7 [41].
There, R(τ) will reach its maximum when the phase difference (τ) between sequences
is zero.

R(τ) =
∫ ∞

−∞
g(t)g(t− τ)dt (7)

The autocorrelation functions of future Galileo E1 and E5 signals are given in Figure
7. There the dashed red line illustrates the ACF for BPSK modulated signals, Galileo
E5a and E5b, and it is similar to the ACF for GPS C/A. For Galileo E1 signal, the
composite BOC modulation is used and the ACF of it is illustrated with a blue line. It
is clearly visible how BOC modulation creates additional sidepeaks to the ACF. The
Galileo E5 signal uses AltBOC(15,10) modulation, which is illustrated with a black
line.
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Fig. 7. Autocorrelation functions for future Galileo E1 and E5 signals c©IEEE, 2009 [P7].

One must notice that the Figure 7 does not contain time, but only shows the ACFs in
relation to the chip delay error. Due to the different chip rates (see Table 3) the L5
and E5 signals have actually a narrower ACF peak in time than the E1 or L1.

3.2.4 Acquisition

The signal characteristics for GPS and Galileo signals in common frequencies are
summarized in Table 3.

Acquisition is a three-dimensional process to find signal’s identity (or PRN number),
code delay and Doppler shift. For example, in GPS L1 receiver this search needs
to cover 30 satellites, 2046 code delay bins (in 1

2 chip accuracy) and typically 41
Doppler frequency bins (500 Hz per bin, ±10 kHz range) [41]. This results in a
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Table 3. Signal characteristics for applicable GPS and Galileo OS signals [19], [90], and
[91].

GPS L1 GPS L5 Galileo E1 Galileo E5a

Frequency (MHz) 1575.42 1176.45 1575.42 1176.45
Bandwidth (MHz) 2.046 20.46 24.552 20.46

Modulation BPSK BPSK CBOC BPSK
Code length 1023 10230 4092 10230

Chip rate (MHz) 1.023 10.230 1.023 10.230
Data rate (bps) 50 100 250 50

search space of approximately 2.5 million bins, or 83 thousand bins per satellite.
There exist several ways to approach this problem.

Serial acquisition

In the early days of GPS, serial methods were used for acquisition. In serial acqui-
sition the PRN codes are correlated on a chip-by-chip basis, resulting to a searching
speed of one bin per received PRN code epoch. Although this method is extremely
simple to implement, a search speed of 83 seconds per satellite (for GPS C/A codes)
is too slow for the user requirements today. The computational resources available in
today’s receivers and the longer codes for new signals have made the serial acquisi-
tion obsolete in most cases.

Parallel acquisition

With growth of resources and increased demands set by the longer codes, parallel
methods are now those used in receivers. When the PRN codes are correlated epoch-
by-epoch, e.g. by a matched filter [45], the search speed increases to cover all code
delay bins in one code epoch time. Again, in the GPS C/A code case, this means
spending 41 ms per satellite.

Acquisition in frequency domain

The correlation in time domain is the same as multiplication in frequency domain.
With this in mind, the parallel acquisition process can be also done in frequency
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Fig. 8. A Block diagram of FFT acquisition.

domain by using Fast Fourier Transform (FFT) for the domain conversion. The block
diagram of FFT acquisition is given in Figure 8. In the FFT acquisition a block of the
sample stream is fed through FFT and multiplied with a complex conjugate of a FFT
result of a local copy of the PRN code. When the resulting complex vector is again
transformed to time domain by inverse FFT, and then squared, result will be the ACF.
If the ACF peak is higher than a predefined threshold value, received signal can be
forwarded to tracking [8].

Tracking of GNSS signals will be discussed in Section 3.3.2.

3.3 Measuring pseudoranges

”Although providing position, velocity, and time is the ultimate goal of GPS, when
considered as a sensor, the receiver’s primary tasks are measurement of range and
range-rate and demodulation of the navigation data” [9].

3.3.1 Measurement breakdown

To enable navigation, the receiver needs to measure pseudoranges to visible satellites.
A pseudorange is defined by the time that the signal spends in traveling between a
satellite and Earth (See Equation 1). The pseudorange measurement is presented in
Equation 8.
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ρu(t) = c[tu(t)− t(s)(t− τ)] (8)

Where ρu(t) is the pseudorange measurement result, c is the speed of light, tu(t) is
signal’s reception time from receiver’s clock and t(s)(t− τ) is signal’s transmission
time. The signal’s transmission time can be constructed in the receiver from the
following measurement information (applies to GPS L1);

• Z-count (equal to GPS time) is a datafield that contains exact time of the week
in seconds, this is transmitted in the navigation data every 6 seconds.

• Number of navigation bits after last received Z-count. With 50 Hz datarate this
gives 20 ms accuracy.

• Number of full C/A code epochs after last received navigation bit. This gives
1 ms accuracy.

• Number of full C/A code chips after last full epoch. With 1.023MHz chip rate
this yields to 0.9775 µs accuracy.

• Fraction of remaining C/A code chip. This can be read from the content of
the numerically controlled oscillator (NCO) driving the code generation and
depends on the sampling frequency of the incoming signal, since usually the
NCOs are driven on a sample basis.

The first two items are available only after successful navigation data reception and
are taken care by the navigation software. The last three components can be mea-
sured from a tracking channel. An analogy between GPS time construction and an
analogue clock is given in [80]. There, Z-count is taken as the hour hand of the clock,
navigation bits and code epochs as the minute hand and the remaining is the second
hand.

Even though the previous only discusses GPS L1 signal, the same elements are avai-
lable to all other CDMA based signals and thus the pseudorange measurement is
carried out in a similar manner.
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Fig. 9. Principles for GNSS signal modulation in transmission and demodulation in recep-
tion.

3.3.2 Tracking

The principle for GNSS signal processing in transmission and reception is given in
Figure 9. The acquisition process described earlier gives a rough estimate on signal’s
delay and Doppler, but to achieve more fine-grained accuracy on both, a dedicated
structure is needed.

Traditional EML tracking loops

In tracking channel the changing dynamics of the received signal needs to be followed
closely and the replica waveforms (i.e. IF carrier and PRN code) needs to be adjusted
according to the incoming signal. In practise this is done by having feedbacked loops
controlling the replica wave generation.

Early-minus-Late (EML) correlator structure is the traditional one used for GPS L1
signal tracking [41]. The white coloured correlators in Figure 10 illustrate the EML
structure.

When entering the datapath, the signal goes first through IF carrier and Doppler re-
moval, where the incoming signal is correlated with locally generated sine and cosine
waves. With a real signal input this produces two branches, namely in-phase and qua-
drature phase. If the complex radio output is available, the first mixing process needs
to be complex, shown in Equation 9.

(I +Qi)(cos(x)− sin(x)i) = (Icos(x)+Qsin(x))+(Qcos(x)− Isin(x))i (9)
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Fig. 10. A diagram of a GNSS tracking channel. White correlators implement EML, darker
shaded are additonal ones used for more advanced implementations.
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Next, the I and Q branches are correlated with locally generated replica code. Code
generators, exluding Galileo E1 case, can be used to create the local PRN code.
The generation is followed by a delay register, that creates closely-spaced delayed
versions of the generated code.

The three correlators (namely early, prompt and late) are used by a discriminator
function to steer the delay of local PRN replica towards the phase of the incoming
signal. Non-coherent EML power discriminator is given in Equation 10 [41], there
the combined amplitude of the late correlation results (L) is subtracted from the com-
bined amplitude of results from the early correlator (E). The I and Q denote in-phase
and quadrature phase branches of the correlator.

1
2
((I2

E +Q2
E)− (I2

L +Q2
L)) (10)

If prompt correlator (P) is also used as discriminator input, a coherent code discrimi-
nator can be applied. The benefit from a coherent loop is its better performance, but
on the other hand the code loop becomes dependent on the carrier loop. If the carrier
loop is not in lock the coherent code discriminator may fail. Equation 11 [41] shows
a coherent dot product discriminator.

1
2
(IE − IE)IP (11)

The discriminators presented in Equations 10 and 11 are used in code loops, or delay
locked loops (DLLs). Besides code, the frequency or phase of the carrier needs also to
be tracked. The locked loops for frequency (FLL) and phase (PLL) take the prompt
correlation results from both I and Q braches as input for the discriminators, like
ATAN2 for PLL. For FLL, IP and QP need to be sampled at two time instances to
solve the frequency output error. Typically FLL is used when acquisition hands the
signal over to tracking since it converges faster than PLL, but after that PLL gives
more accurate results [41].

The loops are closed by feeding the filtered discriminator output values to new inputs
for the numerically controlled oscillators (NCOs). NCOs are used to generate the
frequencies needed. NCOs are controlled by the input value, which is accumulated
until overflow (or underflow if subtracting) occurs. In code NCO this overflow pulse



3.3. Measuring pseudoranges 31

is used as a code generating clock. In carrier NCO, the content of accumulator regis-
ters is mapped to sine and cosine waves in such a way that there is one full cycle in
the count range of NCO.

VE-VL

The new modulation techniques introduced to modern GNSS signals bring some is-
sues that make them unsuitable for EML correlator. Because of the ACF ambiguities
on BOC family signals, the tracking of future Galileo and GPS (L1C) signals will
need additional correlators (see shaded correlators in Figure 10). These new correla-
tors very-early (VE) and very-late (VL) can be used to monitor whether tracking is
locked to the main peak or a side peak of the ACF (bump-jumping algorithm) [25],
[P1].

In practice the hardware implementation of a code correlator is just a simple XOR
gate, which is enabled by the sign and magnitude nature of the radio ADC output.
The largest addition to complexity when adding more correlators to hardware design
is caused by the additional accumulators needed.

Multipath mitigation tracking architectures

The problem of multipath propagation is common to all wireless communications,
but its effect to navigation is even worse since it makes accurate timing impossible.
Multipaths are reflected copies of LoS signal, and they cause unwanted errors in
pseudorange measurements by changing the shape of ACF. This is illustrated in Fi-
gure 11, where both constructive multipath (i.e. Non-Los signal is in the same phase
than LoS) and destructive multipath (signals in opposite phases) are illustrated. Da-
shed black line represents the ACF of the LoS signal, red dotted line is the ACF of the
NLoS signal with 0.7 chip delay and amplitude of half of the LoS case, and solid blue
line represents the combined ACF. From the Figure 11 it is obvious that multipaths
change the shape of ACF and thus make the determination of the location of the ACF
maximum point more difficult. Multipath is one of the most dominating error sources
in GNSS positioning [43].

In the EML given in literature [41], the GPS L1 signal the early and late correlators
are spaced at one chip distance from each other. In practice receivers use narrower
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Fig. 11. Constructive (on left hand side) and destructive (on right hand side) multipath effects
with one NLoS component having delay of 0.7 chips and half of the amplitude of LoS.
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Fig. 12. A Simplified diagram of Multiple Gate Delay correlator structure, each correlator
pair has its own weighting coefficient an c©IEEE, 2007 [40].

spacing for both multipath mitigation and noise robustness. Tracking implementation
with 0.1 chip early–late spacing is called Narrow EML (NEML) [14].

The additional correlators (VE and VL) can be also used to improve the multipath
mitigation (MM) cabability of the tracking channel. Multiple Gate Delay (MGD)
structure can be seen as a generalization of correlator based MM algorithms [P3]. A
simplified block diagram of MGD is illustrated in Figure 12. In MGD, more correla-
tors are used to form E–L correlator pairs with different spacings. The outputs from
E–L pairs are treated with different weighting factors a, and the spacing between
early-late pairs may vary. In [P3], the optimal parameters for MGD weighting and
correlator spacing with different number of correlators are given. For instance, in the
five correlator case the optimal weighting and spacing seem to be similar with the
patented High Resolution Correlator (HRC) [49].

Multipath error envelopes (MEEs) are a typical criterion used for evaluating the per-
formance of the code correlator structures in the multipath environment. Typically,
two paths are assumed to be present, and MEEs are calculated versus path spacing in
the noiseless environment. The maximum (positive) multipath errors and minimum
(negative) multipath errors occurs when relative NLoS are constructive and destruc-
tive with respect to the LoS, respectively. The smaller the enclosed area of the MEE
is the better is the theoretical multipath mitigation performance [61], [10], [P2], [P3].

MEEs for NEML, HRC and MGD correlator structures are given in Figure 13. There
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Fig. 13. Illustration of the averaged MEEs for NEML, HRC, and two MGDs with optimal
parameters as given in [P3] (for uniform and decreasing spacings). Minimum chip
spacing of correlator structures is 0.25 chips, and input is noiseless BOC(1,1) signal.

optimum parameters for MGD devived in [P3] are applied. BOC(1,1) modulated
signal is used as an input.

3.4 Estimating the position

When tracking is locked it should be possible to decode navigation data containing
information about satellite locations, and to provide baseband measurements needed
for pseudorange formulation. In GPS L1 case the navigation part identifies the Z-
count and counts bits occuring after that to create a pseudorange. If also the locations
of satellites are known (ephemeris data has been received) the PVT solution can be
estimated. The details how to implement navigation algorithms are out of the scope of
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this thesis, and the theory behind it is well presented e.g. in [41], [8], [61], and [53].

Essentially, navigation software tries to solve the best estimates for the four unk-
nowns presented in Equation 2. To achieve this, a few iterations are needed. To
improve the quality of the result, more advanced methods, like Kalman filtering can
be used. Also the reliability of the solution may be increased by using dedicated algo-
rithms to exclude erroneous pseudorange measurements out from the solution [42].
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4. GNSS RECEIVER TOOLS

The tools for GNSS receiver research can be divided to two categories; link level
tools and multi-channel simulators. Both types of the tools are covered in discussion
given in this chapter.

4.1 Link level tools

Link level tools are modelling a single channel, from transmitter to receiver, and are
capable for producing a single pseudorandom measurement, and thus incapable for
producing full PVT solutions. Link level tools are applicable, e.g., for testing and
validation of new baseband algorithms.

4.1.1 GRANADA

GRANADA (Galileo Receiver ANAlysis and Design Application) is developed by
Deimos Space. The tool was one of the outputs from the GARDA (GAlileo Receiver
Development Activities) EC FP6 project [46]. GRANADA is a Matlab/Simulink [47]
based software that originally contained two tools, a bit-true simulator and an Envi-
ronment and Navigation simulator (E&N). Later, a supplementary Factored Corre-
lator Model (FCM) blockset was introduced [73]. Currently, GRANADA is one of
the very few commercially available link level simulator software tools for Galileo
recearch.

From the receiver algorithm development point of view the most interesting is the
bit-true simulator, which models the signal chain from satellite to receiver. An illus-
tration of GRANADA bit-true simulator blocks is given in Figure 14.

In the early stages the users of the GRANADA software were mainly the researchers
from the GARDA project. GRANADA was introduced in [24], presenting measure-
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Fig. 14. A screenshot from GRANADA bit-true simulator top level view showing its three
main components; Galileo transmitter, propagation channel, and the receiver.
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ments on the Galileo receiver’s performance under GPS interference and multipath
conditions. The tool was used to validate the novel BOC tracking technique in [13],
and to analyze the code Doppler shifts on Galileo E5 and E1 OS signals [15].

After the GARDA project, the usage of GRANADA tool was also adopted by re-
searchers involved with the GREAT project. There it was used for validating MGD
algorithms presented in [40], [P3]. The issue on the non-repeatability property of
GRANADA bit-true simulator was raised and solved in [P2].

4.1.2 SMOG

SMOG (Simulink Model Of Galileo) is a tool developed in Tampere University of
Technology, more precisely in Department of Computer Systems. It was developed
during the GREAT EC FP6 project to complement the research in the period of una-
vailability of the GRANADA software. The structure of the SMOG tool is similar
with GRANADA; transmitter - channel - receiver. The tool is described in details
in [64].

Current development of the SMOG tool is frozen to the C++ accelerated Matlab
version. In this version the intellectual properties (IPs) developed within Simulink
have been moved to Matlab with certain parts of the application modelled as C++
to speed up the simulations. This upgraded tool was used in [P4], to perform the
baseband functions (acquisition and tracking) to recorded real navigation signals.

4.2 Multi-channel simulators

Multi-channel simulators are capable of processing multi-channel data, and thus they
can provide pseudorange measurement results with a PVT solution. Post-processing
receivers are an example of tools belonging to this category. Increased availability of
USB-based GNSS RF front ends has affected the popularity and evolution of the post
processing GNSS receiver tools [94].

4.2.1 DGC SDR GPS

A post processing GPS receiver from the Danish GPS Center (DGC) was published
along with the Software Defined Radio (SDR) GPS receiver book [8]. The book



40 4. GNSS receiver tools

contains a DVD with receiver Matlab codes and a few example data sets. The recei-
ver is accompanied with a radio front end module manufactured by SiGe, which is
available for purchasing through the book’s webpage [88].

DGC SDR GPS reads the raw data from a file and thus it is independent of the data
source, if the data format is suitable for the receiver. The receiver is implemented
fully in Matlab environment with having fully accessible codes, which makes it easy
to approach and thus well suited e.g. for education and research. On the other hand,
only Matlab based implementation has extremely slow execution.

4.2.2 Namuru Receiver

The Namuru receiver is developed at the University of New South Wales (UNSW),
Australia. The receiver is implemented on an FPGA platform, thus allowing the ba-
seband processing hardware to be completely customised by the user. The hardware
is implemented with VHDL and Verilog hardware desctiption languages [57].

The original Namuru was GPS L1-only receiver. The second version, Namuru II, has
added the ability to receive also L2 signals. Both versions are based on an Altera
FPGA platform containing memories (Flash, SRAM, and SDRAM) and peripherals
(RS232, USB, RTC, GP I/O, and IMU), and are compatible with Zarlink GP2015 RF
front end [95]. The block diagram of Namuru II architecture [30] is shown in Figure
15.

4.2.3 NavX-NSR

NavX-NSR is a GPS/Galileo L1/E1 software receiver created by IFEN GmbH. The
receiver can operate in both real-time and post-processing modes. The receiver hard-
ware incorporates a RF front end with an integrated Field Programmable Gate Array
(FPGA) and a USB interface. The accompanying software introduces application
programming interfaces (APIs), which the user can use to control over 200 parame-
ters of the receiver [39]. Even though the APIs offer a high degree of flexibility, they
seem not to give full control over the receiver hardware to the user.
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Fig. 15. A block digram of the Namuru V2 architecture c©General Dynamics Corporation,
2009 [30].
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4.2.4 N-Gene

N-Gene is a GPS/Galileo software receiver tool developed in NavSAS (Navigation
Signal Analysis and Simulation) group, at the Navigation Laboratory of Politecnico
di Torino, Italy. The receiver is GPS/Galileo L1/E1 signal compatible and it can
also demodulate signals from EGNOS system on same frequency. Even being fully
implemented in software it is capable of processing GNSS signals in real-time. The
N-Gene has an modular software architecture, allowing it to be modified for e.g. for
different radio front ends and other research driven purposes [23].

4.2.5 GNSS Receiver Reference Design - TUTGNSS

GNSS Receiver Reference Design resulted from accumulated receiver research and
development work carried out in Tampere University of Technology, at the Depart-
ment of Computer Systems. The starting point for the receiver desing was a collection
of discrete hardware IP blocks, created by many members of the group. The first trials
with a commercial radio, Nemerix NJ1006A [58] were the enablers for performing
tests with real signals. The real signal records were forwarded to separate baseband
processing (C++ accelerated Matlab SMOG) and a separate navigation computation
was executed from measured pseudoranges and data. In parallel, hardware baseband
development was done with an FPGA platform [P4].

Later, all tasks were further integrated to a first real-time receiver implementation,
called TUTGNSS. TUTGNSS is implemented on an Altera FPGA board and it uses
a NIOS-II softcore processor for closing the tracking loops and computing the navi-
gation solution. The hardware is fully reconfigurable, and the receiver is independent
of the radio brand (currently SiGE SE4120L [72] and Atmel ATR0603 [3] are used),
thanks to its baseband converter unit (BCU) [66]. Currently, TUTGNSS is used as a
baseline for advanced Galileo receiver implementation in the GRAMMAR project.

4.2.6 C++ TUTGNSS

C++ TUTGNSS is a real-time software receiver, originally developed to model multi-
core execution of GNSS applications. This receiver is implemented in a C++ envi-
ronment and it is exploiting parallelism via thread processing. E.g. for baseband,



4.2. Multi-channel simulators 43

three processes are identified and implemented as separate threads; input preproces-
sing, which removes the IF and performs signal decimation if necessary, acquisition,
which searches for all visible satellites with an FFT method, and tracking, which
tracks satellites and extracts navigation data bits and measures the pseudoranges [65].

C++ TUTGNSS was used to acquire some of the results presented in [P6].
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5. ARCHITECTURAL CONSIDERATIONS FOR GNSS RECEIVERS

In this chapter, the receiver architectures are discussed, but first some general design
requirements for embedded systems are revised.

5.1 Common design requirements for embedded receivers

This section provides a discussion about common design requirements for embedded
receivers to support the content given in Section 5.2.

5.1.1 Processing power

Processing power means the workload that the central processing unit (CPU) of the
receiver can handle. It is commonly expressed as a million instructions per second
(MIPS) rating [4]. Another issue affecting the processing power is how many bits are
processed per instruction. Register word length of the processor included in today’s
receivers is typically 32 bits (e.g. ARM7 family [36]).

5.1.2 Memory

The memory in embedded systems holds both program code and data. The amount
of available memory may be closely tied to the wordlength of the registers of the pro-
cessor, since wordlength establishes an upper limit to the memory size. For example,
16-bit registers can address only 64 kBytes of memory (216) [4].

In 32 bit-architecture, the memory address limitation is not a problem (theoretical
upper limit is over 4 GBytes), but still the downsides that come with larger memory
footprint are present; higher cost, larger power consumption, and greater physical
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size [78]. These are keeping the practical memory size of an embedded device quite
small.

5.1.3 Power consumption

Power consumption is important especially in battery operated devices, which hand-
held devices usually are. Powerful batteries tend to increase the weight of the device,
and thus it is more practical to focus on decreasing power consumption than increa-
sing battery capacity. Large power consumption also causes noticeable heating which
is not a desirable effect e.g. for a mobile phone. An approximate 3W maximum li-
mit for the power density in a cellular device is given in [59]. The relation between
computational power and electrical power consumption in embedded systems is quite
often expressed as MIPS per milliwatt (MIPS/mW) [67].

5.1.4 Cost

The cost might be the most important factor when considering mass markets. The
actual cost of a full device consists of multiple variables, ranging from development
to marketing cost. However, on hardware level, unit cost is usually used as a mea-
sure. Today the cost of a GPS chip inside a receiver is approximately 1 U.S. dollar. In
application specific integrated circuits (ASIC), which GPS chips also are, the biggest
costs come from nonrecurring engineering (NRE), which is basically a large one time
development and manufacturing set-up cost. If generalized, the cost for manufactu-
ring one GPS chip is as large as for ten thousand ones. So, it becomes clear that in
chipsets it is the production volume that lowers the cost.

5.2 Overview of receiver architectures

In this section an overview of GNSS receiver architectures is given and discussed in
ligth of design requirements discussed earlier.
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5.2.1 State-of-the-art GNSS receivers

Current state-of-the-art mass market receivers are based on a chipset or single-chip
receiver [48]. The chipset or single-chip receiver is usually implemented as an ASIC.
Hardware implementation of a baseband engine is stemming from the high compu-
tational demand of tracking. One-channel tracking takes approximately 10 MIPS to
reach real-time [75].

In high volume production ASICs are cheap, and they can also be optimized for
small size and to have low power consumption. FPGA technology has not emerged
in commercial, everyday receivers, but it has found its place in receivers targeted for
research, e.g. in [17] and [P4].

There are no commercial dual-frequency receivers for L1/L5 combination available
at the moment. Some of the manufacturers declare their products to be Galileo-ready,
but most of the available chipsets are for GPS only.

UBX-G5010

Swiss chipset manufacturer U-Blox has presented a GPS and Galileo-ready single
chip receiver. This 50-channel receiver is stated to have over a million correlators.
Product datasheet reveals an architecture containing a dedicated GPS/Galileo hard-
ware engine, an ARM7 CPU, memories and peripherals. The power consumption is
declared to be 64 mW in tracking mode [84].

Teseo

The Teseo platform is a high-sensitivity standalone GPS solution belonging to STMi-
croelectronics’ product portfolio. This chipset consists of GPS baseband, embedded-
Flash device, and an RF front-end. The baseband combines an ARM7 32-bit mi-
crocontroller and a high-performance GPS engine (HPGPS) with a wide range of
peripherals [77].
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SiRFstarIII

SiRFstar III is one of the most used GPS chipsets in commercial receivers. The latest
versions GSC3e/LPx and GSC3f/LPx are characterized by having up to 20 channels
and power consumption of 46 mW in autonomous reception. The architecture is
based on a GPS engine and ARM7 CPU [11].

SiRFstarIV

The biggest change from SiRFstarIII to SiRFstarIV is in the architecture. The fourth
generation of chips is following the host-based architecture, where the navigation
computation is moved from the chip to the host processor. This solution lowers the
bill-of-material (BOM) costs. The 48-channel receiver introduces 5 to 6 MIPS loads
to the host processor [12].

5.2.2 Towards SDR

In Software Defined Radio (SDR) the hardware problems are turned into software
problems. In theory this means that everything after ADC should be done by soft-
ware, but in practice there are many views on this. The concept of SDR was presented
in the early 1990’s [55], about same time when GPS turned operational. After that
the usage of SDR in GNSS is discussed widely in literature, e.g. in [1], [17], [94],
and [8].

The well-known Moore’s law [56] is stating that the capacity of integrated circuits
is doubling every 18-24 months. This claim has proven to be true for the last 3
or 4 decades. In this light, ideal SDR solutions should become feasible eventually
when available processing power increases. Currently reported SDR GPS receiver
implementations are working in real-time only if the clock speed of the processor is
from 900 MHz [75] to 3 GHz [16], which is too high for mobile devices but not, for
example, for a laptop PC.
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Fig. 16. Hardware cost vs software complexity (in MIPS) in GPS receiver architecture
c©Söderholm, 2008 [75].

Hardware cost vs. software complexity

In a GNSS receiver, (or in general any receiver), the shift from hardware towards
software implementation does not come for free. When hardware cost is reduced by
moving tasks to software, it increases the complexity of software. The relationship
between receiver cost and software complexity is illustrated in Figure 16 [75].

The figure estimates that moving from hardware accelerated to pure software solution
will increase the complexity of software (MIPS figures) by a factor of ten. This would
also mean that the processor should be capable of executing ten times more program,
resulting in a need for higher clock frequency and/or more optimized processor ar-
chitecture. Increase in MIPS count will also mean an increase in power consumption
and heat generation.



50 5. Architectural considerations for GNSS receivers

Fig. 17. Input selection with a hardware multiplexer c©IEEE, 2009 [P7].

5.2.3 GNSS acceleration with flexible tracking channels

A common dual-frequency baseband implementation approach, called flexible tra-
cking channel, is presented in [P7]. In this approach one configurable channel struc-
ture is used for all received signals. The benefits of this are the hardware complexity
reduction due to the component re-usage and flexibility of the allocation of channels
in different signals and frequencies.

The Reader must notice that this approach assumes that we have two radios with
identical sampling frequency on the receiver. Basically this means that the L1/E1
radio needs to have some oversampling since the GPS and Galileo signals in this
band, shown in Table 3, have lower chip rates than signals on L5/E5a.

Identifying the shared components

First the common components in the channel datapath need to be identified. For all
signals in consideration (GPS & Galileo L1/E1 and L5/E5a), the following compo-
nents are similar: NCOs, correlators and accumulators. Thus, the same components
can be used with all types of signals.

Multiplexing signal specific components

The channel input can be selected with a hardware multiplexer (MUX) as illustrated
in Figure 17. With this approach, only one control bit per channel in register space
is needed to select whether to receive intermediate frequency signal input IFSel from
IFE1 or IFE5a to that dedicated channel. This keeps the additional hardware cost
reasonable.
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Fig. 18. The structure for a generic flexible tracking channel c©IEEE, 2009 [P7].

The flexible tracking channel concept is illustrated in Figure 18. Here, NCOs are used
to produce the frequencies needed, and they are controlled by the software control.
The components producing local code and additional modulation (BPSK does not
introduce additional modulation here, whereas BOC family modulations will) are
also selected with hardware MUXes, again using only a few bits of the total control
register space of the receiver.

Further size optimization

Combining the synergies of code generation, illustrated in Figures 4, 5 and 6, the
integration level of multi-system and multi-frequency baseband could be increased.
Basically, a common LFSR structure with long enough registers, and reconfigurable
feedback could implement all generatable PRN codes known in shared GPS/Galileo
frequencies. Of course, the Galileo E1 memory codes are not compatible with this
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approach.

5.2.4 SDR with multiple cores

An SDR receiver with multiple cores within the context of GNSS is a novel imple-
mentation approach. To the Author’s knowledge the studies on this topic presented
in [P5] and [P6] are unique.

In the multiple core approach, the computational load of correlation is divided to
multiple Very Long Instruction Word (VLIW) cores. VLIW is a CPU architecture
that exploits instruction level parallelism (ILP) [50]. This receiver architecture com-
bines the advantages of the SDR; the flexibility and upgradeability, with having more
MIPS/mW available. Multiple cores are suitable for multitechnology devices since
the same array of cores can be used to also process the other streams, like multimedia
and wireless communication.

Multicore platform

Multicore SDR is a platform containing a number of dedicated reconfigurable VLIW
Digital Signal Processors (DSPs). Each core is communicating via a Network-on-
Chip (NoC) with other DSPs, global memories and peripheral interfaces. The GNSS
radio front end is interfaced to the parallel interface of the NoC through some inter-
face logic.

GNSS application in multicore platform

Three main processes for baseband operation are identified; input preprocessing, ac-
quisition and tracking [65]. Input preprocessing takes care of down-conversion and
time-stamping of incoming stream packets. Multiple FFT acquisition processes are
started dynamically, and tracking processes are initialized when satellites are found.
An example mapping of a GNSS application on to a multicore platform at a certain
time instance is given in Figure 19.

The navigation software is executed in General Purpose Processor (GPP), interfaced
to a NoC. Finally, a PC is used to illustrate the receiver output.
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Fig. 19. SDR GNSS application mapped on to a multicore platform.
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The analysis provided in [P5] and [P6] proves that the current approach is feasible
to be implemented. In [P5], the complexity of the GNSS application’s baseband
processes in terms of computation were analyzed and compared to the reported per-
formance of the VLIW cores. There it was shown that the targeted platform has
capability to process GNSS baseband functions, acquisition and tracking. This ana-
lysis was extended in [P6] to contain also the communication payload requirement of
the NoC.

This thesis does not hold data from the implementation of such a multicore GNSS
SDR, but the implementation will follow, as the project [81] where this topic is dealt
with proceeds.



6. SUMMARY OF PUBLICATIONS

This chapter contains a summary of the enclosed publications with a description of
Author’s contribution.

6.1 General

All of the enclosed publications are naturally from the area of satellite navigation and
positioning receivers. The publications were made between 2006 and 2009, while the
Author has been carrying out the research work and post-graduate studies in Tam-
pere University of Technology, Department of Computer Systems. From the seven
enclosed publications, five are published as papers in the proceedings of international
conferences and two as articles in international journals. None of the enclosed publi-
cations has been previously used as a part of any academic thesis or dissemination.

6.2 Overview of the publication results

The work presented in the enclosed publications has significance for the GNSS re-
searcher community by giving contribution to unification of the GRANADA research
tool. The presented studies of issues of the combined GPS/Galileo receivers are to-
pical due to upcoming deployment of Galileo system. And finally, the thesis has
significance by presenting a novel multiple core approach for SDR GNSS receivers
giving also the analysis of its implementation feasibility.

The results of the publications enclosed to this thesis can be summarized with the
following points:

• Simulation tools play a vital role in development of new receiver algorithms
(e.g. for multipath mitigation), especially when systems are not yet existing
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(like Galileo at the time of writing). From this point of view the researchers
would benefit of having a standard set of tools, which would make the results
achieved in different entities and studies comparable [P2], [P3].

• In receiver algorithm development the gap between high level simulations and
low level implementations should be also considered; one solution for this is
seen to be the usage of FPGA based platforms to address also the hardware
point of view [P3], [P4].

• The implementation of multi-system and multi-frequency receiver basebands
benefits from using flexible structures. High level of re-usability (only the
essential components are duplicated) makes this approach favourable in appli-
cations where implementation size and cost matter [P1], [P7].

• Multiple core receiver implementation seems to offer a good balance between
flexibility and upgradeability needed for new satellite navigation systems and
algorithms, and when properly designed and scaled, a reasonably low unit price
in high volume production [P6].

• It is shown that multiple core platform is suiting well for GNSS signal proces-
sing from a computational point of view [P5], [P6].

6.3 Author’s contribution to publications

In the beginning of this thesis work there was a short period when the Author was the
only member of the current GNSS group under professor Nurmi’s supervision. Since
then, people have been coming and going and the group size and status has increased
significantly from the early days. Working with other people has been essential for
development of ideas and innovations. Quite many papers have been born in casual
conversations over a coffee, where discussion of not work-related issues were carried
out as well.

Besides own group, the collaboration with people from Department of Communica-
tions Engineering, especially Docent Elena-Simona Lohan, has been fruitful. Wor-
king with international projects, like GREAT, CRISP, and GRAMMAR have also
given an important medium to connect with professionals and experts in many fields
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of technology, which has been forwarded as an invaluable input to the research and
its outcomes.

The Author acknowledges that all of the co-authors have contributed to the final ap-
pearance of each publication enclosed here. All of the co-authors have seen and
agreed with the following descriptions of the Author’s contribution.

The main contributions of the Author to the publications are as follows:

In [P1], the Author implemented the SystemC model used and wrote the manuscript.
The idea for the paper came from the Author.

In [P2], the Author was the main contributor to the manuscript and originated the idea
of writing it. The Author also executed simulations to verify the presented modifi-
cations to the GRANADA tool. The original problem, to which this paper presented
the solution, was pointed out by Jussi Raasakka. Other co-authors contributed by
implementing the tools used, and also revising the content and language of the paper.

In [P3], the Author was the main contributor to the manuscript. The Author also
implemented the SystemC model used and simulated and analyzed both SystemC
and VHDL model simulations and results. The idea for the computational methods
for finding optimal MGD parameters and also motivation for writing the article came
from Docent Elena-Simona Lohan.

In [P4], the Author was the main contributor to the manuscript. The idea for ”GNSS
Receiver Reference Design” and the paper originated from the Author.

In [P5], the Author was the main contributor to the manuscript. The work presented
in this publication was carried out by the Author. The idea for the paper came from
the Author.

In [P6], the Author was the main contributor to the manuscript. The work, excluding
the implementation of the real-time SW GPS receiver tool, was carried out by the
Author. The idea for this publication originated from the Author.

In [P7], the Author was the main contributor to the manuscript. The work for ba-
seband implementation issues analysis was carried out by the Author. The idea and
motivation for this publication originated from Docent Elena-Simona Lohan.



58 6. Summary of Publications



7. CONCLUSIONS

This introduction provided in Chapters 1 through 7 together with the enclosed publi-
cations presents the Author’s research work and results. The research area belongs to
the area of global satellite navigation, where the focus is on future GNSS receivers,
more precisely on multi system and multi frequency issues on mass market receivers,
where low cost and power consumption are dominating parameters. The presented
research is contributing to this area by enhancing receiver research tools and giving
potential architectural considerations.

7.1 Main Results

The main results and contributions of the research reported in this thesis are:

Simulation tools play an invaluable role in research and development of receivers,
especially for systems that have no, or only a reduced set of, real signals available
yet. Analysis of available simulation tools for GNSS receiver R&D was presented
in the thesis. From this point of view the key is to have a standardized environment
for research, that would make the results achieved in different entities and studies to
be comparable. In this thesis work, a significant issue of the non-repeatability of the
GRANADA tool was raised and solved [P2].

In this thesis studies on combined GPS/Galileo receivers were presented. Implemen-
tation of a feasible multi-system baseband architecture for mass market receivers is
possible, thanks to the similar structure of CDMA-based signals in both systems [P1].
A similar approach can be used to make baseband solutions for multi-frequency pro-
cessing. In both cases, a flexible approach by re-using all shared components and
having only signal specific components as additional implementation [P7]. For low-
cost solutions, Galileo E1 memory codes are not favourable due to their memory
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consumption. FPGAs offer a good platform to test the non-functional requirements
of baseband implementations [P3], [P4].

The term Software Defined Radio covers a wide set of different architectures. From
the presented ones, a SDR receiver with a hardware correlator engine seems to be the
state-of-the-art solution in handheld devices. The development defined by Moore’s
law is enabling pure real-time software GNSS receivers in laptop computers, and the
direction is to transfer the software solution into smaller devices. This thesis presen-
ted a novel approach, SDR implementation with multiple cores, which seems to offer
a good platform having flexibility and upgradeability needed for new satellite naviga-
tion systems and algorithms. The presented work proposes that from a computational
point of view multi-core platforms are well-suited for GNSS signal processing [P5],
[P6].

7.2 Future Trends

In future, GNSS will probably find its way to almost everywhere. If compared to digi-
tal camera, which nowadays is almost a standard feature in any mobile device, GNSS
receiver might end up to having the same status. At least, in the devices containing
wireless technology, it is encouraged to have also GNSS on board. With the deve-
lopment in radio technology and exploitation of synergies between positioning and
communication technologies this might yield to almost a zero BOM cost addition.

In a multicore SDR approach, the realization of GNSS application and the platform
are happening in the foreseeable future and the results achieved will be documented
and submitted to scientific publications forums.

Besides technology, new unforeseen applications are most likely arising from scratch.
Geocathing is a good example of an application that emerged when technology made
it possible. Also, this is probably the direction where investors are looking towards
since the receiver ICs or IPs can be integrated only in a finite (yet a large) number of
devices, whereas there is no limit seen for applications.

The time of the research presented has been interesting since it has gone side by side
with the Galileo system development. The realization of all given promises is some-
thing to look for, and the alignment between (or order of) the three major satellite
navigation systems, GPS, Galileo, and GLONASS, is something that is not seen yet.
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Also the role of the planned Chinese system and emerging local augmentations will
be interesting to follow also from the receiver development point of view.
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[75] S. Söderholm, T. Jokitalo, K. Kaisti, H. Kuusniemi, and H. Naukkarinen,
“Smart Positioning with Fastrax’s Software GPS Receiver Solution,” in Proc.
21st International Technical Meeting of the Satellite Division of the Institute of



70 Bibliography

Navigation ION GNSS 2008, Savannah, Georgia, Sep.16–19 2008, pp. 1193–
1200.

[76] “Sony Ericsson webpage,” http:
www.sonyericsson.com, Sony Ericsson Mobile Communications AB, Aug.
2009.

[77] STMicroelectronics, “STA2058 - TESEO GPS platform high-sensitivity base-
band,” Data brief. Rev. 3, Mar. 2009.

[78] K. Sundaresan and N. Mahapatra, “Code compression techniques for embed-
ded systems and their effectiveness,” in Proc. IEEE Computer Society Annual
Symposium on VLSI, 2003., Feb. 2003, pp. 262–263.

[79] “Suunto GPS POD,” http://www.suunto.com, Suunto, Aug. 2009.

[80] J. Syrjärinne, “Studies of Modern Techniques for Personal Positioning,” Ph.D.
dissertation, Tampere University of Technology, Mar. 2001.

[81] The CRISP Project, “CRISP - Cutting edge Reconfigurable IC’s for Stream
Processing,” http://www.crisp-project.eu/, Dec. 2008.

[82] “Tomtom webpage,” http://www.tomtom.com/, TomTom International BV, Sep.
20, 2009.

[83] M. Tran and C. Hegarty, “Receiver Algorithms for the New Civil GPS Signals,”
in Proc. 2002 National Technical Meeting of the Institute of Navigation, San
Diego, California, Jan. 28–30, 2002, pp. 778 – 789.

[84] u-Blox, “UBX-G5010 product summary sheet,”
http://www.u-blox.com/products/Product Summaries/UBX-
G5010 Prod Summary(GPS.G5 X 06042).pdf, Apr. 2007.

[85] “Agreement on the promotion, provision and use of galileo and gps
satellite-based navigation systems and related applications,” URL:
http://pnt.gov/public/docs/2004/gpsgalileoagreement.pdf, United States
and European Community, Jun. 26, 2004, visited Sep 20, 2009.

[86] “U.S., EU Announce Final Design for GPS-Galileo Civil Signal,” URL:
http://useu.usmission.gov/Dossiers/Galileo GPS/Jul2607 Civil Signal Accord.asp,



Bibliography 71

The United States Mission to the European Union, Jul. 26, 2007, visited Aug
16, 2009.

[87] UNITED STATES NAVAL OBSERVATORY (USNO), “GPS CONSTELLA-
TION STATUS,” ftp://tycho.usno.navy.mil/pub/gps/gpstd.txt, Jul. 2009.

[88] “GNSS @ Colorado Center for Astrodynamics Research,”
http://ccar.colorado.edu/gnss/, University of Colorado at Boulder.

[89] Navstar GPS Space Segment/User Segment L5 Interfaces, IS-GPS-705, U.S.
Air Force, Nov. 24, 2003.

[90] GPS Interface Control Document (ICD-GPS-200D), IRN-200C-004, U.S. Air
Force, Dec. 7, 2004.

[91] Navstar GPS Space Segment/User Segment L1C Interfaces, Draft IS-GPS-800,
U.S. Air Force, Apr. 19, 2006.

[92] White House, “STATEMENT BY THE PRESIDENT REGAR-
DING THE UNITED STATES’ DECISION TO STOP DE-
GRADING GLOBAL POSITIONING SYSTEM ACCURACY,”
http://www.navcen.uscg.gov/gps/selective availability.htm, May 2000.

[93] D. Whitfield, The Magic Bracelet - Technology and Offender Supervision. Wa-
terside Press, 2001.

[94] J. H. Won, T. Pany, and G. W. Hein, “GNSS software defined radio: real receiver
or just a tool for experts,” Inside GNSS, pp. 48–56, Julu/August 2006.

[95] Zarlink, “GP2015 - GPS Receiver RF Front End,” Datasheet. Issue 3.1, Feb.
2002.





Publication 1

c©2006 IEEE. Reprinted, with permission, from Proceedings of the IEEE
Workshop on Signal Processing Systems Design and Implementation (SIPS),
“SystemC Model of an Interoperative GPS/Galileo Code Correlator Chan-
nel”, Heikki Hurskainen and Jari Nurmi.

This material is posted here with permission of the IEEE. Such permission of the
IEEE does not in any way imply IEEE endorsement of any of the Tampere University
of Technology’s products or services. Internal or personal use of this material is
permitted. However, permission to reprint/republish this material for advertising or
promotional purposes or for creating new collective works for resale or redistribution
must be obtained from the IEEE by writing to pubs-permissions@ieee.org.

By choosing to view this material, you agree to all provisions of the copyright laws
protecting it.



 
 

 

Abstract— Global Navigational Satellite Systems (GNSS) are 
on the threshold of a new era. American Global Positioning 
System (GPS) gets a new rival from Europe as Galileo system is 
developing rapidly. For the best availability and navigation 
performance, users should be able to use satellites from both 
systems. There are two common operational frequency bands 
between GPS and Galileo, L1/E1 and L5/E5a. For a cheap, 
single frequency mass market receiver, L1/E1 centered at 
1575.42 MHz will be a better choice because it has smaller 
ionospheric error and less complex spreading codes. Binary 
Offset Carrier (BOC(1,1)) modulation used in Galileo E1 signal 
makes it impossible to use traditional Early - Late code 
correlator architecture in combined GPS/Galileo receiver. 
Very Early – Very Late (VE - VL) code correlator architecture 
is capable for tracking both GPS and Galileo codes. System 
level model of VE – VL code correlator channel is built with 
the SystemC hardware description language. Functionality of 
VE – VL code correlator model is verified with simulations and 
the results are presented. Simulation results show that VE – VL 
architecture works with GPS and BOC(1,1) modulated Galileo 
codes. SystemC proves to provide a very fast way to describe 
functionality at system level. 

I. INTRODUCTION 
Global Navigational Satellite Systems (GNSS) are on the 

threshold of a new era. Currently the only fully operational 
GNS system, American Global Positioning System (GPS) 
gets a new rival as European Galileo system is developing 
rapidly. New Galileo system will use the same Code 
Division Multiple Access (CDMA) technique as GPS. In a 
CDMA system signals from different sources can be 
identified by their unique spreading code. To get data out of 
the received signal the receiver has to acquire and track the 
code and Doppler phases of the received signal. 

For the best availability and navigation performance, 
users should be able to use satellites from multiple GNSS. 
This is why interoperability between systems is needed. 
Although some parameters are common between the 
systems there is still enough difference to keep the systems 
separated. Interoperability is realized at receiver level. 

As new GNS systems emerge the markets of satellite 
positioning receivers and applications are growing even 
more rapidly. The biggest share of markets will be on 
personal navigation and mass market vehicle area, i.e. mass 
market receivers [1]. For mass markets receivers, low-cost 
and high production volume are needed. Low power 
consumption is also important in personal devices. One 

important characteristic of low-cost receivers is that they 
will operate only in one GNSS frequency.  

II. SELECTION OF OPERATION FREQUENCY FOR A SINGLE 
FREQUENCY RECEIVER 

A. Common GPS/Galileo Frequencies 
There are two common carrier frequencies between GPS 

and Galileo systems. GPS L1 band is a 40x1.023 MHz 
frequency band centered at 1575.42 MHz. GPS Standard 
Positioning Service (SPS) signal using Coarse Acquisition 
(C/A) code is already present in L1 band [2]. Galileo Open 
Service (OS) signal will be operational in the same 
frequency band, called E1 in Galileo system [3]. Both of the 
L1/E1 signals can be used free of charge and are fully 
available to everyday usage. 

New GPS L5 frequency band and signal were introduced 
in [4]. This L5 band is centered to 1176.45 MHz frequency. 
Galileo Safety-of-Life (SoL) signals at Galileo E5a band 
will share the same frequency band. 

B. Ionospheric Error of Signals 
Unknown delays in signal path cause error in 

pseudorange measurements which are used in calculating the 
navigation solution. Ionospheric delay is the biggest 
individual pseudorange error source for a single frequency 
receiver [5]. It is shown [5] that signal propagation delay 
introduced by ionospheric refraction can be expressed by 
equations:  

 

2,
3.40
f
TECFS pppiono −=∆  (1) 

 

2,
3.40
f
TECFS ppgiono =∆   (2) 

 
for a phase (p) and group (g) refractive indices respectively, 
where Fpp is an obliquity factor, TEC is Total Electron 
Count and f is the frequency of the signal. 

The equations show that the ionospheric error is 
frequency dependent and this is why it can be eliminated in 
dual frequency receivers. In single frequency receivers it 
cannot be removed. The L1/E1 band has smaller ionospheric 
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error than the L5/E5a band due to its higher frequency. This 
will make L1/E1 frequency band a more suitable selection 
for GPS/Galileo single frequency receivers. 

C. Properties of L1/E1 and L5/E5a signals 
Currently the only navigation signal available for civilian 

users on common GNSS frequencies is the GPS C/A signal 
on L1 band. It has 1023 chips long spreading code that is 
unique to every GPS satellite. Pseudorandom spreading 
codes (PRN) are Gold code [6] like sequences that are 
generated by two 10 chips long Linear Feedback Shift 
Registers (LFSR). GPS C/A PRN codes have a chiprate of 
1.023 MHz so the epoch time of GPS C/A PRN code is one 
millisecond. Navigation data is modulated to PRN code at 
50 bps. Combined data and spreading code are modulated to 
L1 carrier wave using Binary Phase Shift Keying (BPSK) 
technique. 

GPS L5 signal will have separate PRN codes for the in-
phase (I) and quadrature-phase (Q) of the carrier. Codes are 
generated with LFSR structure and are 10230 chips long. 
Chipping rate of GPS L5 codes is 10.23 MHz so one code 
epoch will last one millisecond. Navigation data is 
modulated at 100 bps rate to I code while Q code remains 
without data. [4] 

In future Galileo E1 Open Service signal the PRN 
sequences will be 4092 chips long with 1.023 MHz chiprate. 
This leads to 4 ms code epoch time. Galileo PRN codes [7] 
and the Galileo OS Signal-in-space Interface Control 
Document [3] were published at the time of writing this 
paper. The codes are non-generatable memory codes. E1 OS 
signal will have two PRN codes. E1-B code at I phase of the 
carrier will be datamodulated with 250 symbols/s data rate 
and E1-C code at Q phase will be a dataless pilot with 
possible low rate synchronization data. The biggest 
difference compared to GPS C/A will be the new Binary 
Offset Carrier (BOC(1,1)) modulation. 

Signals in Galileo E5a band are designed for SoL service. 
Galileo E5a signals have separate spreading codes for I and 
Q phase of the carrier. E5a-I and –Q codes have 10230 chips 
long primary codes and secondary codes are 20 chips for 
E5a-I and 100 chips for E5a-Q [3].  

Properties of L1/E1 and L5/E5a spreading codes are 
summarized in Table 1. L1/E1 signals have shorter PRN 
codes and lower chip rates than L5/E5a signals. This makes 
them a better choice for receivers when lower computational 
burden is needed. This is the case in mass markets receivers.  

III.  BOC(1,1) MODULATION 
Binary Offset Carrier (BOC(1,1)) modulation will be used 

in Galileo E1 OS signals [3]. It has also been proposed that 
future GPS III would use BOC(1,1) modulated signal in L1 
band [8]. BOC modulated signal is created by multiplying 
the spreading code with a square-wave sub-carrier before 
modulating it with a sine wave carrier. BOC(1,1) signal has 
a 1.023 MHz sub-carrier and 1.023 MHz code rate. 

BOC(1,1) modulation is illustrated in Fig. 1.  
BOC(1,1) modulation is more robust to multipath effects 

and improves positioning accuracy [9]. BOC modulation 
creates ambiguities to the code’s autocorrelation function 
(ACF) and this is why traditional GPS tracking methods can 
not be used with BOC(1,1) modulated signals. Difference 
between ACFs of BPSK and BOC(1,1) modulated signals is 
illustrated in Fig. 2. The ACF of the BOC(1,1) modulated 
signal has two sidelobes on both sides of the main lobe. 
These sidelobes can mislead the code tracking loop, 
resulting in error in the pseudorange measurements used for 
the position calculation. 

IV. DLL TRACKING 
Before digital signal processing the incoming signal is 

down-converted and digitalized. Delay Locked Loop (DLL) 
is used for tracking the code phase of the received signal. 
The signal’s Doppler phase must also be tracked. This can 
be done by a Phase Locked Loop (PLL) or Frequency 
Locked Loop (FLL) [10] but those are out of the scope of 
this paper. 

 
TABLE 1 

PROPERTIES OF L1/E1 AND L5/E5A SIGNALS PRN CODES 
Frequency 
band  

Signal Code size 
[chips] 

Code rate 
 

PRN Epoch 
time 

GPS C/A 1023 1.023 MHz 1 ms L1/E1  
1575.45 MHz Galileo  

E1-B 
E1-C 

 
4092 
4092 

 
1.023 MHz 
1.023 MHz 

 
4 ms 
4 ms 

GPS  
L5-I 
L5-Q 

 
10230 
10230 

 
10.230 MHz 
10.230 MHz 

 
1 ms 
1 ms 

L5/E5a 
1176.45 MHz 

Galileo 
E5a-I 
E5a-Q 

 
10230, 20a 
10230, 100 

 
10.230 MHz b 
1.000 kHz c 

 
20 ms 
100 ms 

a For Galileo E5a PRN codes first size is for a primary code and 
second for a secondary code. 

b Code rate of the primary code 
c Code rate of the secondary code. 
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Fig. 1  BOC(1,1) Modulation at 1.023 MHz frequency. PRN code is on the 
top. BOC(1,1) subcarrier in the middle and BOC(1,1) modulated PRN at the 
bottom. 

349



 
 

 

−1.5 −1 −0.5 0 0.5 1 1.5

−0.5

0

0.5

1

Ideal Autocorrelation Functions

Delay [Chips]

N
or

m
al

iz
ed

 A
C

F

 

 
BOC(1,1)
BPSK

 
Fig. 2  Ideal Autocorrelation Functions of BOC(1,1) and BPSK modulated 
signals. 

 
In DLL the received code is correlated with delayed 

versions of the locally generated code. Discriminator 
functions are used to compute tracking error from the 
correlator outputs. Error is corrected towards zero by 
adjusting the code generation speed. In GPS C/A code 
tracking this error correction is usually made once in every 
millisecond (one code epoch) before data bit boundaries are 
found. After bit synchronization this interval is increased to 
20 ms (one databit epoch). [10] 

Code generation speed is controlled by a Numerically 
Controlled Oscillator (NCO). 

A. Early—Late Correlator 
In current GPS C/A receivers code phase is usually 

tracked with E – L correlator architecture. The incoming 
signal is processed and correlated with three versions of a 
locally generated code. One chip spacing between E and L 
correlators allows DLL tracking loop to determine if the 
phase difference between received and locally generated 
code is within one chip [10]. E – L correlator architecture is 
illustrated in Fig. 3. 

 
Fig. 3  Early – Late code correlator architecture. I and Q phase of the 
incoming signal are correlated with early, prompt and late versions of a 
locally generated code. 

B. Very Early—Very Late Correlation 
Fine and Wilson introduced a bump-jumping algorithm 

which can be used to track BOC-modulated signals [11]. 
Very Early—Very Late (VE—VL) correlation uses this 
algorithm [12]. In VE—VL architecture additional 
correlators, very early and very late, are used to indicate that 
a wrong peak is selected. The results from these correlators 
are compared and if one is constantly greater than the other 
then a wrong peak is tracked. VE – VL architecture is 
illustrated in Fig. 4. 

C. DLL Discriminator Functions 
Three common DLL discriminator functions that are used 

to form the error signal from early, prompt and late 
correlation outputs are [5]: 

 
Dot product 

( ) ( ) PLEPLE QQQIII ×−+×−  , (3) 
Early minus late envelope 

( ) ( )2222
LLEE QIQI +−+  , (4) 

and Early minus late power 
( ) ( )2222

LLEE QIQI +−+  . (5) 
 

VE-VL correlator uses an additional discriminator 
function to determine that the correct peak is tracked. It 
compares VE and VL samples and if either one is constantly 
greater than the other it indicates that a wrong peak is 
tracked. 

V. IMPLEMENTATION 

A. Implementation Target 
The implementation target was to build a system level 

model of a code correlator channel capable of tracking both 
GPS and Galileo signals on L1/E1 frequency band. These 
signals were chosen for implementation target because of 
their lower computational burden and smaller ionospheric 
error. 

B. Implementation Language 
SystemC is a C/C++ class library that can be used to 

create cycle-accurate models of hardware architectures. 
SystemC hardware description language was chosen for 
implementation because of its similar syntax with C++ code 
that enabled fast implementation without previous 
knowledge of hardware description languages (HDL). 

A design bottleneck that follows from this decision is that 
the design flow after system level modeling with SystemC is 
not so clear as it is with other HDL’s, like VHDL and 
Verilog. 

C. Implemented Architecture 
Very Early – Very Late correlator architecture (Fig. 4) 

was chosen for implementation because of its ability to 
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detect false peak tracking. Spacing between E and L 
correlators was chosen to be one chip for the GPS tracking 
and half chip for the Galileo tracking. Spacing between VE - 
VL correlators in Galileo code tracking was chosen to be 
one chip. Now the two outermost correlators were mapped 
to be E - L in GPS tracking mode and VE - VL in Galileo 
tracking mode. The P correlator is the same for both. When 
moving from GPS tracking mode to Galileo tracking mode 
the correlators between the outermost and center one are 
assigned to use and when moving back they are deassigned.  

D. SystemC Hardware Model 
The VE—VL code correlator channel was implemented with 
SystemC hardware description language. Matlab was used 
for generating test signals and post-processing correlator 
output. Post-processing included accumulation of correlator 
outputs and computation of discriminators. The input and 
output were written to ASCII files at interfaces. The actual 
implementation of interoperative GPS/Galileo code 
correlators consists of three different blocks. The block 
diagram of the SystemC model is presented in Fig. 5. Code 
NCO, code generators and correlators were separated. Code 
NCO.cpp is a counter that overflows once in every code 
clock period. The overflow period is controlled by setting 
the accumulator input value from the receiver processor 
(Matlab in this case). Code generator.cpp creates the local 
PRN code. The selection of the PRN code (satellite) and the 
system (GPS/Galileo) comes from the receiver’s processor 
(Matlab). Correlator.cpp correlates the received signal with 
those generated by Code generator.cpp. For interfacing 
SystemC hardware model to Matlab, additional blocks were 
created for reading input and writing output. GPS C/A-
ranging codes were generated with the code generator 
defined in [2]. Because codes [7] for Galileo Open Service 
were unknown at the time of this implementation work, a 12 
bits long LFSR was implemented to generate 4092 chips 
long PRN code. Neither Doppler effect nor noise were 
introduced to design at this stage. The sampling rate of the 
input was chosen to be 4 samples per chip (4.092 MHz). 
This was more than enough to fulfill the Nyqvist criterion 
(2.046 MHz) for the BOC(1,1) modulated Galileo E1 signal.  

In theory the minimum clock frequency for the system is 
two times the sampling rate. Code NCO at least halves the 
input frequency, i.e. system clock. 50 MHz system clock 
rate was used in simulations where functionality of the 
system was verified (Fig. 6 - Fig. 11).  

VI. RESULTS 
Matlab software was used for generating figures from the 

correlator outputs. Fig. 6 presents the correlator behavior 
with GPS C/A code when spacing between correlators is one 
chip. Fig. 7 illustrates correlator behavior for the BOC(1,1) 
modulated Galileo code. Fig. 6 and Fig. 7 show that the 
correlator behavior reflects the ideal autocorrelation 
properties of BPSK and BOC(1,1) modulated signals as 

viewed in Fig. 2. Outputs for VE and VL correlators for 
Galileo code are shown in Fig. 8. 

Discriminator function behavior is illustrated in Fig. 9 for 
the GPS code and in Fig. 10 for the Galileo code. DLL 
tracking works when the discriminator output stays in the 
linear area on both sides of zero delay. In GPS case this area 
is ± 0.5 chips. In Galileo BOC(1,1) modulation makes the 
main peak of ACF narrower and this makes the linear area in 
discriminator function outputs also narrower. 

Fig. 11 illustrates normalized error between VE and VL 
correlator outputs. It shows that when the tracking loop is 
locked to main peak, the VE – VL discriminator output stays 
zero. If the loop is locked to either one of the side peaks, 
located ± 0.5 chip from the main peak, the VE – VL 
discriminator output reaches its maximum deviation from 
zero. The minimum clock rate of the system was tested and 
the results are shown in Fig. 12. Maximum output of in- 
phase prompt correlator for GPS C/A code was looked 

 
Fig. 4  Very Early – Very Late code correlator architecture. This 
architecture has additional VE and VL correlators for detection of wrong 
peak tracking.  

 

File.in

Correlator.cpp

Code 
generator.cpp

Code 
NCO.cpp

File.out

Signal 
driver.cpp

Dump to 
file.cpp

Control 
driver.cpp

 
Fig. 5  Block diagram of implemented SystemC model. The implemented 
architecture consists of Correlator.cpp, Code generator.cpp and Code 
NCO.cpp. Additional blocks are used to interface the model to ASCII files. 
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for with different system clock rates. Fig. 12 shows that the 
system loses its functionality at clock rates little above 8 
MHz where as the theoretical minimum clock rate is 8.184 
MHz.  

VII. CONCLUSIONS 
L1/E1 frequency band will be the best choice for the 

single frequency mass market GNSS receivers. It has the 
smallest ionospheric error and the signals have shorter codes 
and lower code rates that ease the computational burden of 
the receiver. Future GNSS L1/E1 band will have at least one 
GPS and one Galileo signal, both free and fully available. 
The VE—VL correlator appears to be a very promising 
architecture for interoperative code tracking. It makes it 
possible to track both GPS SPS C/A and Galileo OS E1 
signals on the same correlator hardware. SystemC model of 
interoperative GPS/Galileo code correlator hardware was 
built. Simulations proved the functionality of the system 
level model to be correct. SystemC hardware description 
language proved to provide a very fast way to describe 
hardware architectures at system level. 
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ABSTRACT  

Simulation and simulation tools perform an essential role 
in the research and development of new satellite 
navigation systems, such as Galileo. Within the Galileo 
research community there have not been any standardized 
tools for simulation and the researchers have been forced 
to build their own proprietary tools to carry out 
simulations. A tool called GRANADA was developed by 
Deimos-Space in the GARDA (GAlileo Receiver 
Development Activities) project and it has become quite 
popular among the Galileo researchers. 

GRANADA consists of two complementary tools. The 
Bit-True GNSS Receiver Simulator is a tool built in the 
Simulink environment which models the navigation signal 
processing chain consisting of the transmitter, propagation 
channel and Galileo receiver blocks. The receiver tool is 
modular and configurable and it has been successfully 
used in several documented studies. The other tool in 
GRANADA is the GNSS Environment and Navigation 
Simulator but it is out of the scope of this paper. 

In our project, called GREAT (Galileo REceiver for mAss 
markeT), we are using GRANADA as one of the 
implementation and testing platforms for studying 
multipath mitigation and advanced tracking algorithms. 
The purpose of this paper is to present the customization 
work we have done to enhance the GRANADA Bit-True 
GNSS Receiver Simulator v2.02 to make it more suitable 
for our needs. In particular we have addressed the issues 
of repeatability of simulation runs; synchronization 
between acquisition and tracking units; and modifications 
to align the simulation results with theoretical ones. 

We conclude that GRANADA is a tool with high potential 
for Galileo research and it is becoming more widely used 
in the Galileo research community. We believe that the 
steps towards enhancement of usability presented in this 
paper will also benefit the other researchers who are using 
the GRANADA tool. 

This work was carried out under GREAT project, co-
funded by the European GNSS Supervisory Authority 
(GSA) with funding from the 6th Framework Programme 
of the European Community for research and 
technological development. 

INTRODUCTION 

Simulation and the simulation tools play an essential role 
in the analysis, design, test, and verification stages in 
research and development of a new satellite navigation 
system. The European Galileo system, currently under 
development, will complement the existing Navstar 
Global Positioning System (GPS). Together these two 
systems will form the foundations of near future Global 
Navigational Satellite System (GNSS). 

Within the Galileo research community there have not 
been any standardized tools for simulation. Researchers 
have been forced to build their own proprietary tools to 
carry out simulations. This makes it difficult, or even 
impossible, to compare the results acquired from different 
studies. Lately, a tool called GRANADA (Galileo 
Receiver ANAlysis and Design Application) [1] has 
become quite popular among the Galileo researcher 
community. GRANADA was developed by Deimos-
Space in the GARDA (GAlileo Receiver Development 
Activities) project. The GARDA project was funded from 
European Union 6th Frame Program funds and managed 
by the Galileo Joint Undertaking (GJU). 

The GREAT (Galileo REceiver for mAss markeT) project 
is another EU 6 FP funded project, currently managed by 
the European GNSS Supervisory Authority (GSA). One of 
the GREAT project objectives is to study multipath 
mitigation and advanced tracking algorithms. 

The purpose of this paper is to present the customization 
work we, in the GREAT project, have done to enhance the 
GRANADA Bit-True GNSS Receiver Simulator v2.02 to 
make it more suitable for our needs in research of 
multipath mitigation and advanced tracking algorithms. At 
first, we will familiarise the reader with the GRANADA 
software. The overview of the software and how it has 
been used in earlier studies will be given with a literature 
review. Then we discuss the role of GRANADA in the 
GREAT project and give a detailed view of the 
enhancements we have done to the software. 

To authors’ knowledge the enhancements presented in this 
paper are not issued in any of the earlier publications 
concerning GRANADA software and simulations. The 
presented work is significant to the GREAT project 
because it allows us to build a uniform testing platform for 
our further research. We strongly believe that the 
presented work also benefits all the fellow researchers 
working with the GRANADA tools. 

BACKGROUND & MOTIVATION 

In this section we give an overview of the GRANADA 
software and to how it has been used in different studies. 
The role of GRANADA software in the GREAT project is 
also discussed. 

GRANADA consists of two complementary tools [2]. The 
Bit-True GNSS Receiver Simulator is a tool built in the 
Simulink environment which models the navigation signal 
processing chain. This consists of the transmitter, 
propagation channel and Galileo receiver blocks, 
illustrated in Figure 1. The receiver tool is modular and it 
can be configured easily through the graphical user 
interface (GUI). The other tool in GRANADA is the 
GNSS Environment and Navigation Simulator but this is 
out of the scope of this paper and henceforth “the 
software” refers only to the GRANADA Bit-True GNSS 
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Receiver Simulator. In last years GRANADA has been 
widely accepted as a de facto tool for Galileo research by 
multiple research communities. 

 
 
Figure 1: A screenshot from GRANADA Bit-True 
GNSS Receiver Simulator showing its three main 
blocks: Galileo transmitter, Propagation channel, and 
Galileo receiver. 

When measured in terms of published material, the main 
users of the software have been the researchers in 
GARDA project. GRANADA has been used to measure 
the Galileo receiver’s performance under other GPS 
interference and multipath conditions [1], to validate the 
novel BOC tracking technique [3], and to analyze the code 
Doppler shifts on Galileo E5 and L1 OS signals [4]. The 
software simulator’s role as a key element in the GARDA 
project was discussed in a wide journal article [5]. In 
another article by different authors [6], the GRANADA 
software’s role in teaching and algorithm test-benching 
was mentioned briefly. 

In the GREAT project, one of our objectives has been to 
analyze and implement algorithms for multipath 
mitigation and advanced tracking for Galileo L1 Open 
Service signals. Some of these results are already 
published in [7]. The GRANADA software’s role in our 
project is to be one of the common implementation and 
testing platforms between the project members, and it has 
been used as such e.g. to validate the studied tracking 
algorithms [8]. 

ENHANCING USABILITY 

In this section we introduce the modification work that we 
have done to enhance the software to fit in our needs. In 
particular we have addressed the issues of repeatability of 
simulation runs, synchronization between acquisition and 
tracking units and modifications to align the simulation 
results with theory in the generation of Multipath Error 
Envelopes (MEEs). 

The version we used was GRANADA Bit True Simulator 
v2.02 and the repeatability issues were studied only for 
simulations concerning Galileo L1 OS signals. 

Repeatability of the GRANADA simulation runs 

Repeatability is an important property of any research 
performed. In principle, it should be possible to create a 
test setup and repeat documented research with 
documented tools so that the result remains the same to 
bit-exact accuracy when the input and the simulation 
environment have not been changed.  

In the original (v2.02) version of the GRANADA Bit-True 
GNSS Receiver Simulator tool some of its features cause 
variation in the results between simulation runs, even if 
the input and configuration parameters remain unchanged.  

In the next section we discuss the architecture of the tool 
and identify the sources of these result variations. We also 
discuss how to customize the Bit-True GNSS Receiver 
Simulator so that the simulation results can be repeated. 
Simulation results are presented to illustrate the effects of 
non-repeatability and to verify the repeatability of the 
simulations made with the customized tool.  

GRANADA BT GNSS Receiver Simulator architecture 
and operation modes 

GRANADA BT consists of the transmitter model, channel 
model and Galileo receiver model. The basic operation 
modes are the intermediate frequency (IF) model and the 
passband model where carrier IF is neglected. The models 
can be executed as either on-the-fly or offline modes. [2] 

When running an on-the-fly simulation, the input is 
generated, channel is processed and signal is received in 
parallel processes. In the offline processing mode the 
input is read from an input file located on a user’s hard 
drive. This file is generated and saved before simulation. 
The offline input file can be saved (and then loaded) either 
before or after the propagation channel model.  

The Galileo receiver model receives the signal with user 
defined channel effects; including multipath, GPS and 
external interferences. The receiver outputs several 
parameters describing the behavior of the received signal 
and the receiver operations. These parameters include bit 
error rate (BER), tracking loop behavior (Delay-, 
Frequency-, and Phase Locked Loop) etc. 

The user can configure the input parameters for each 
simulation through the GUI. The configurations can be 
saved to a file and loaded from there for a new simulation, 
thus allowing an easy import of simulation input and 
configuration into a new simulation run. The user 
definable parameters include many transmitter, 
propagation channel, receiver IF and baseband component 
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characteristics. One very important parameter 
modification from a repeatability point of view is 
changing the incoming code delay from a random value 
(default) to a constant one. 

In our multipath mitigation and advanced tracking 
algorithm studies, we were mostly interested in tracking 
loop output parameters, as they reflect the behavior of the 
tracking algorithms. During our work we faced some 
difficulties in comparing the behavior of the algorithms 
since the studied parameters were changing even if the 
model was executed again with the exactly same input and 
configuration parameters. In some studies randomness 
may be a desired effect but in our case it was not wanted. 

A tool for output comparison 

We developed a tool for testing the equality of the output 
parameters from different simulation runs. The tool is a 
Matlab script that reads the output parameters (Matlab 
workspace variables) from two user defined simulation 
output files and simply compares them, resulting in the 
output string “equal” or “not equal”. An example of the 
comparison tool’s output (only the seven first variables 
from the start) is given in Table 1. With this tool we 
started to go through the GRANADA BT GNSS receiver 
simulator to identify the reasons for variance between 
outputs of separate simulation runs. 

When running the simulator twice consecutively with the 
same input configuration and then comparing the equality 
of the outputs, we were getting from 12 to 16 “not equal” 
variables out of a total 145, depending on the simulation 
type. The comparison number differs a little with different 
simulation configurations (usage of GPS interference, 
PLL/FLL, etc.) but in general the output parameters that 
we were interested in - the Bit Error Rate and active 
tracking loop outputs (DLL, PLL, and FLL) - were never 
equal in two simulation runs with exactly the same input 
and configuration. 

TABLE 1: EXAMPLE OF COMPARISON TOOL’S OUTPUT 
TEXT. 138 LINES OF COMPARISON RESULTS ARE LEFT 

OUT FOR CLARITY. 
Source File: GranadaBTOut-L1B-
070207_0857.mat 
Target File:GranadaBTOut-L1B-
070207_0853.mat 
 ------------------------------------- 
 Variable ::   ADC_gain  ||  equal 
 Variable ::     AceEnd  ||  equal 
 Variable ::     AceIni  ||  equal 
 Variable ::    AceUser  ||  equal 
 Variable ::    Acqflag  ||  equal 
 Variable :: AltBOC_mtx  ||  equal 
 Variable ::        BER  ||  not equal 

Not shown 138 lines of comparison… 

 

Removal of the difference in the simulation run 
outputs 

We managed to locate the sources of these differences in 
simulation outputs. What we found out was that the 
variations in the results were a sum of many random 
behaviors in the model. The first step towards 
repeatability was to modify the obvious blocks containing 
random effects in the software. The propagation channel 
block in GRANADA BT simulator contains several sub-
blocks for additive white Gaussian noise (AWGN) 
generation. We located these blocks and changed the 
random source’s seed number to a constant value. Next 
thing that we noticed was the randomness in phase offset 
of the IF carrier generation and wipe-off processes. We 
changed the phase offset to be a constant in both 
transmitter and receiver blocks. 

With these modifications the GRANADA model 
simulation runs proved to be repeatable, as long as the 
simulator software was not shutdown between simulation 
runs. From this behavior we made a conclusion that some 
of the variables used by the GRANADA software are 
generated randomly in the initialization step of the 
software. 

For Galileo OS L1 simulations one randomly initialized 
variable proved to be the L1-A signal component. Since it 
is not used in the receiver part but only to model the entire 
signal in space, we decided to substitute the L1-A code 
and data input parameters with a predefined constant. To 
make the change permanent, this substitution must be 
done in the Simulink model file that contains the 
transmitter models for all transmitters. The same kind of 
substitution must be done to GPS transmitter model also if 
repeatable simulations, with GPS interference enabled, are 
desired. 

With all these modifications applied to the software and 
using exactly the same simulation configuration 
parameters, we managed to get the number of “not equal” 
output variables down to seven out of 145, in comparing 
two different simulation runs. A closer look with the 
software’s interface control document [9] connected all of 
these “not equal” parameters either to simulation 
execution time (when simulation was executed, never 
equal in consecutive simulation runs) or to those that were 
disconnected from the model (Galileo L1-A and GPS code 
and data generation) and thus not used in simulation. 

An example output comparison of two simulation runs 
with both using the original and the modified versions of 
the software is illustrated in Figure 2 for the carrier phase 
error (i.e. PLL output) parameter and in Figure 3 for the 
code phase error (i.e. DLL output) parameter. The figures 
show how the tracking loop outputs from two simulation 
runs using the original software, with identical input and 
configurations, are not equal (i.e. the absolute value of the 
calculated difference is not equal to zero). On the other 

2710



hand, the simulated tracking loop outputs achieved from 
simulation runs using the modified software proved to be 
equal (i.e. the calculated difference resulted in zero). 
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Figure 2: Comparison of outputs from simulations 
made with original and modified version of the 
software. The absolute difference of carrier phase 
error (PLL output) in simulations made with original 
version is displayed with magenta-circled curve for 
data and blue-squared for pilot. The carrier phase 
error output difference of modified software is 
illustrated in red-starred for data and black-plain for 
pilot. 
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Figure 3: Comparison of outputs from simulations 
made with original and modified version of the 
software. The absolute difference of code phase error 
(DLL output) in simulations made with original 
version is displayed with magenta-circled curve for 
data and blue-squared for pilot. The code phase error 
output difference of modified software is illustrated in 
red-starred for data and black-plain for pilot. 

Synchronization delay error 

The other issue we faced during the work was the 
synchronization issue. In the original version of 
GRANADA, acquisition and tracking units are 
synchronized by using a fixed offset. This offset is used 

for aligning the successful acquisition result with the 
prompt tracking delay. The used synchronization method 
causes also an offset into the estimated delays, which 
causes problems further down in the processing chain 
leading to incorrect receiver output. In this section we 
present the steps to be taken to cope with this. 

In the Simulink model of GRANADA, the delay of the 
signal originates from the delay of transmission filter, the 
delay in the channel, the delay in receiver filter and the 
delay error from the Simulink itself. At first, the signal 
enters the acquisition stage, and the delay estimation that 
comes from this stage is approximately -146 meters. This 
delay estimation is not equal to the actual total delay 
caused by the propagation channel, transmitter and 
receiver filters. And it cannot be changed, even the 
acquisition time changes. However, with the default 
sampling rate, transmitter filter type, receiver filter type 
and constant initial delay offset defined in the front end of 
the receiver, the total signal delay, including the delay 
error from the Simulink itself, is fixed quite close to the 
estimated one, and it can roughly compensate the total 
signal delay. After the acquisition stage, the signal enters 
the tracking stage, and the delay estimation comes from 
the tracking unit of GRANADA BT simulator.  

We can cancel this delay error by making a simulation 
with a noiseless, single path signal at first. Then we run 
the simulation for different channel profile or for different 
tracking algorithm. Now the delay estimation value from 
the noiseless and single path simulation can be considered 
to be the true delay of the Line-of-Sight (LOS) signal, and 
used as the reference. The tracking delay error is then the 
difference between the reference and the delay estimation 
coming from the DLL. Since the signal delay is fixed, the 
subtraction of two estimations also cancels the delay error 
caused by the total signal delay, and is the delay error 
caused by the multipath effect and noise. Figure 4 shows 
an example of the delay estimation in a multipath AWGN 
channel, and the reference true delay value. 

 
Figure 4: An example of the GRANADA delay 
estimation. Red dashed line presents the reference 
delay and the blue solid line is the simulation output. 
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In Figure 4, the red dashed line is the delay estimation 
when the channel is a single-path noiseless channel. After 
the transition stage at the beginning of tracking, it 
converges to -144.25 meters. This estimation can be used 
as the true delay of signal with a LOS component only. 
The blue line is the delay estimation when channel is two-
path AWGN static channel. The distance between the 
LOS signal and not-LOS signal was 0.3 chips (293ns), 
and the power of the NLOS signal was -3dB less than the 
LOS signal. Now, the distance that we are interested in, 
between the red dashed line and the blue solid line, is the 
delay error caused by the used channel model, and can be 
used for later analysis.  

Aligning simulation results to match the theory 

In this section we present steps to align GRANADA 
simulation results with the expected theoretical results. In 
particular we consider the issue of multipath error 
envelopes (MEEs) and demonstrate that the original 
version of GRANADA deviates from theory due to the 
limitations of the IF passband model. 

Without multipath effects, the traditional Early minus Late 
based DLL can easily lock the tracking to the LOS signal 
by finding the zero-crossing point of the discriminator S-
curve, illustrated as the blue solid line in Figure 5. The 
zero-crossing of the LOS only signal is located at zero 
delay. The multipath error is one of the major delay error 
sources [10]. The multipath forces the zero-crossing point 
of the S-curve to shift, illustrated by the brown dashed line 
in Figure 5, which causes the DLL tracking point to be 
shifted too. The distance between the DLL tracking point 
of the LOS only signal and the multipath signal is called 
the multipath error. From the S-curve point of view, it is 
the distance, drawn with red line in Figure 5, between the 
zero-crossing points of the S-curves. The used multipath’s 
NLOS signal was 0.3 chips away from the LOS signal, 
and its power is -3 dB less than the one of LOS signal. 

 
Figure 5: Example of Multipath Error in the S-curve 
of the narrow Early minus Late (NEML) based DLL. 
The blue solid curve presents the LOS signal only and 
the brown dashed is the case with multipath 
component. Multipath error is illustrated with a red 
line.  

Multipath error envelopes are a typical criterion used for 
evaluating the performance of the DLLs in the multipath 

environment. Typically, two paths are assumed to be 
present, and MEEs are calculated versus path spacing in 
the noiseless environment. The maximum (positive) 
multipath errors and minimum (negative) multipath errors 
occurs when relative NLOS path phase is 0 (in-phase) and 
180 (out-of-phase) degrees with respect to the LOS path. 

In order to remove the error caused by the carrier 
frequency, and to guarantee the phase difference between 
the LOS signal and NLOS signal to be in a desired value, 
we chose “equivalent low-pass model” simulation mode to 
be used in MEEs testing. In this mode, the signal is 
transmitted directly in the baseband. Complex values are 
used to describe in-phase and quadrature-phase channels. 
In this mode the Phase Lock Loop (PLL) unit and 
Frequency Lock Loop (FLL) unit are disabled to ensure 
that the phase of the signal will not change during the 
simulation. 

We chose 3 types of DLLs; Narrow Early minus Late 
(NEML) [10], High Resolution Correlator (HRC) [11] and 
Optimized Multiple Gate Delay (MGD) [7], [8], to be 
structured for MEEs testing and comparison. For the first 
pair of correlators, Early Gate and Late Gate, the 
correlator spacing ∆1, was 0.1 chips. The correlator 
spacing of the second pair and third pair were uniformly 
increased, ∆2=2∆1=0.2 chips and ∆3=3∆1=0.3 chips. The 
generic structure of these DLLs is shown in the Figure 6. 

 
 
Figure 6: The generic structure of NEML, HRC and 
Optimized MGD. For NEML the weighting factors are 
defined (a1, a2, a3) = (1, 0, 0); for HRC, (a1, a2, a3) = (1, -
0.5, 0); and for Optimized MGD, (a1, a2, a3) = (1, -0.7, 
0.1). 

The theoretical results and GRANADA simulation results 
of MEEs, for both the in-phase and out-of-phase part, are 
shown in Figure 7 and Figure 8, respectively. The 
theoretical multipath error was achieved by calculating the 
distance between the zero-crossing points of the S-curves 
with multipath present and absent. 

Because of the DLL’s resolution of the GRANADA 
simulator, the estimated delays oscillate around the value 
corresponding to the zero-crossing point in the S-curve 
after the signal gets tracked. Therefore, the MEE 
simulation results are obtained by using the 
synchronization method mentioned earlier in the paper, 
and taking the mean value of the estimated delay outputs. 
From Figure 7 and Figure 8, it is clear that the simulation 
results match the theoretical results very well. So it is 
proved that GRANADA is a useful tool for MEE testing. 
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Figure 7: MEE (in-phase part) comparison between 
the theoretical results and GRANADA simulation 
results. NEML is illustrated as blue solid line and 
circles, HRC as red dashed line and crosses, and 
Optimized MGD as green dashed line and triangles. 

 
Figure 8: MEEs (out-of-phase part) comparison 
between the theoretical results and GRANADA 
simulation results. NEML is illustrated as blue solid 
line and circles, HRC as red dashed line and crosses, 
and Optimized MGD as green dashed line and 
triangles. 

CONCLUSIONS 

We conclude that GRANADA is tool with high potential 
for Galileo research and it is increasingly widely used in 
the Galileo research community. In this paper the means 
to make the GRANADA Bit-True GNSS Receiver 
Simulator runs repeatable on Galileo L1 band are 
discussed and the simulation results to verify this are 
presented.  

The issue of synchronization between acquisition and 
tracking is discussed. The effects of this behavior and the 
steps on how to cope with it are also shown. A method to 
match the simulator results with the expected theoretical 
ones is explained. GRANADA is proved as a tool capable 
for MEE testing. 

The work presented in this paper is significant to the 
GREAT project because it allows us to build a uniform 
testing platform for our further research. We strongly 
believe that the presented work will also benefit the other 
researchers who are using the GRANADA tool. 
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Accurate delay tracking in multipath environments is one of the prerequisites of modern GNSS receivers. Several solutions have
been proposed in the literature, both feedback and feedforward. However, this topic is still under active research focus, especially
for mass-market receivers, where selection of lowcomplexity, nonpatented methods is preferred. Among the most encountered
delay tracking structures implemented in today’s receivers, we have the narrow correlator and the double-delta correlators. Both
are heavily covered by various patents. The purpose of this paper is to introduce a new, generic structure, called multiple gate delay
(MGD) structure, which covers also the patented correlators but offers much more flexibility in the design process. We show how
the design parameters of such a structure can be optimized, we argue the performance of this structure via detailed simulation
results based on various simulators, such as Matlab/Simulink-based tool, GRANADA, and we test the implementation feasibility
of MGD structures on actual devices, via SystemC and FPGA prototyping. One of the main advantages of the proposed structure
is its high degree of flexibility, which allows the designer to choose among, to the authors’ knowledge, nonpatented solutions with
delay tracking accuracy comparable with that of the current state-of-art trackers.

Copyright © 2008 Heikki Hurskainen et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. BACKGROUND AND MOTIVATION

The main algorithms used nowadays for GPS and Galileo
code tracking are based on what is typically called a feedback
delay estimator, and they are implemented based on a feed-
back loop. The most known feedback delay estimators are the
delay locked loops (DLLs) and the today’s GNSS receiver that
typically use a particular DLL structure, called the narrow
correlator or narrow early-minus-late (NEML) delay tracker,
which proved to give good results in multipath environments
[1–3]. Another class of enhanced DLL structures is the so-
called double-delta correlator class [4], which started to gain
more and more attention during last years. Examples belong-
ing to this class are: the high resolution correlator (HRC)
[3, 5], the strobe correlator [2, 4, 6], the pulse aperture
correlator (PAC) [7], the multipath mitigation correlator
[8], and the modified correlator reference waveform [2, 9].
Most of the double-delta correlators as well as the narrow
correlator are patented or under patent applications [4, 5, 7,
10, 11].

An alternative to the above-mentioned feedback loop
solutions is based on the open-loop (or feedforward)
solutions, which refer to the solutions which make the delay
estimation in a single step, without requiring a feedback loop.
A general classification of open-loop solutions for CDMA
communication applications can be found in [12, 13] and for
GNSS applications in [14]. However, for the purpose of low-
cost mass-market receiver implementation, feedback delay
tracking structures are still the preferred ones, and they will
be the focus of our paper.

We introduce here the flexible multiple gate delay (MGD)
structure with adjustable parameters, and we present a
method to optimize these parameters. We show the per-
formance of MGD structures in multipath channels, with
a particular attention to the situations with more than 2
paths (which are typically neglected in the literature, when
analyzing the multipath error envelopes of delay tracking
units). We also present, for the first time to the authors’
knowledge, a comparison between using squared-envelopes
versus envelopes before noncoherent integration stage as well

mailto:heikki.hurskainen@tut.fi
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as a comparison between using uniform versus nonuniform
gate spacings in delay tracking units.

We then validate the MGD structures via implementation
in a Simulink-based navigation tool, GRANADA. Based on
the presented MGD structures, we also develop a flexible
delay tracking prototype receiver (in SystemC and VHDL)
for Galileo and GPS signals. The main focus is on sine-BOC
and BPSK-modulated signals, but the design steps shown
here can be extended in a straightforward manner to other
BOC modulations (cosine BOC, multiplexed BOC, alternate
BOC, etc.).

In the delay tracking receiver prototyping, we focus
on the implementability, complexity, and flexibility of the
proposed MGD structures. First, we present the implemen-
tations and discuss about the flexibility and the restrictions
caused mostly by the digital hardware characteristics. Then,
we verify the implementability of the chosen algorithms
with a SystemC model. After that, the complexity of the
implemented prototype hardware is evaluated as VHDL
synthesis results.

2. COMMON DELAY TRACKING STRUCTURES FOR
GNSS SIGNALS

The most common delay tracking loops for GNSS signals are
based on feedback delay locked loop (DLL)-like structures.
The state-of-art delay trackers, which are widely used in
GNSS industry nowadays, include: the narrow early-minus-
late (NEML) correlator [1–3, 10, 11] and the double-delta
correlators [2, 15–17], also known under the names of pulse
aperture correlator (PAC) [7], strobe correlator [2, 6, 18], or
high resolution correlator (HRC) [3, 5, 19].

All the above-mentioned methods have a common
underlying structure, in the sense that they are based on
different weighted combinations of early and late samples
of the correlation function with different chip-spacings
between these samples. In what follows, we will first intro-
duce the signal model for Galileo and GPS signals, then, we
present the above-mentioned methods in more detail. We
will then show that most of the currently used delay tracking
structures (i.e., those mentioned above) can be unified under
a generic structure, namely the multiple gate delay (MGD)
structure, whose parameters are to be optimized in Section 3.

Typical satellite positioning signals, such as those used
for GPS and Galileo, employ the direct-sequence code
division multiple access (DS-CDMA) technique, where a
PRN code is spreading the navigation data over SF chips
(or over a code epoch length) [20, 21]. In what follows, we
adopt, for clarity reasons, a baseband model. Also, the delay
tracking estimation in nowadays receivers is typically done
in digital domain (using the baseband correlation samples).
The time notation t stands for discrete time. The transmitted
signal x(t) can be written as the convolution between the
modulating waveform smod(t), the PRN code, including data
modulation, and the pulse shaping filter pTB (t) [22]:

x(t) =
√
Ebsmod(t)

�
+∞∑

n=−∞

SF∑

k=1

bnck,nδ
(
t − nTsym − kTc

)
� pTB (t),

(1)

where Eb is the data bit energy, � is the convolution operator,
bn is the nth complex data symbol, Tc = 1/ fc is the chip
period, SF is the spreading factor, Tsym is the symbol period
(Tsym = SFTc), ck,n is the kth chip corresponding to the
nth symbol, δ(t) is the Dirac pulse, and pTB (t) is the pulse
shaping filter applied to pulses of durationTB = Tc/NB . Here,
NB is a modulation-related parameter that is detailed in what
follows. For example, if infinite bandwidth is assumed, pTB (t)
is a rectangular pulse of unit amplitude if 0 ≤ t ≤ TB and 0
otherwise.

The signal x(t) is typically transmitted over a multipath
static or fading channel, where all interference sources
(except the multipaths) are lumped into a single additive
Gaussian noise term η(t):

r(t) =
L∑

l=1

αle
− jθl x

(
t − τl

)
e− j2π fDt + η(t), (2)

where r(t) is the received signal, L is the number of channel
paths, αl is the amplitude coefficient of the lth path, θl is the
phase of the lth path, τl is the channel delay introduced by the
lth path, fD is the Doppler shift introduced by the channel,
and η(t) is the complex additive Gaussian noise of zero mean
and double-sided power spectral density N0.

Typically, the signal-to-noise ratios for GNSS signals
are expressed with respect to the code epoch bandwidth
Bw, under the name of carrier-to-noise ratio (CNR). The
relationship between CNR and bit-energy-to-noise ratio is
[23]

CNR[dB-Hz] = Eb
N0

+ 10log10

(
Bw
)
. (3)

The delay tracking is typically based on the code epoch-
by-code epoch correlation R(·) between the incoming signal
and the reference xref(·) modulated PRN code, with a certain
candidate Doppler frequency f̂D and delay τ̂:

R
(
τ̂, f̂D,m

) = E
(

1
Tsym

∫ mTsym

(m−1)Tsym

r(t)xref
(
τ̂, f̂D

)
dt
)

, (4)

where m is the code epoch index, and E(·) is the expectation
operation, with respect to the PRN code, and

xref
(
τ̂, f̂D

)

=
(
smod(t) �

+∞∑
n=−∞

SF∑

k=1

b̂nck,nδ
(
t− nTsym− kTc

)
�pTB (t)

)

× e+ j2π f̂Dt,
(5)

where b̂n are the estimated data bits. For Galileo signals, a
separate pilot channel is transmitted, thus the data bits are
known at the receiver [21]. In order to reduce the noise
level, we can use coherent and/or noncoherent integration.

The averaged coherent correlation function Rc(τ̂, f̂D) can be
written as

Rc
(
τ̂, f̂D

) = 1
Nc

Nc∑

m=1

R
(
τ̂, f̂D,m

)
, (6)
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where Nc is the coherent integration time (expressed in code
epochs or milliseconds for GPS/Galileo signals), and the

averaged noncoherent correlation function Rnc(τ̂, f̂D) can be
written as

Rnc
(
τ̂, f̂D

) = 1
Nnc

∑

Nnc

∣∣∣∣∣
1
Nc

Nc∑

m=1

R
(
τ̂, f̂D,m

)
∣∣∣∣∣

pownc

, (7)

where Nnc is the noncoherent integration time, expressed in
blocks of length Nc milliseconds (for clarity of presentation,
we dropped the block indexes used in the noncoherent sum-
mation), and pownc is a power index used for noncoherent
summation. The most encountered variants are: pownc = 1
(i.e., sum of absolute values) and pownc = 2 (i.e., sum of
squared-absolute values).

The DLL-like structures form a discriminator function
D(τ̂) based on the early and late correlations, and they
estimate the channel first path delay from the zero crossings
of this discriminator function. The discriminator functions
for NEML [1–3, 10, 11] and HRC [3, 5, 19] are well defined in
literature and their expressions as equations are, for NEML:

D(τ̂) =Rc/nc

(
τ̂ +

Δ1

2
, f̂D

)
−Rc/nc

(
τ̂ − Δ1

2
, f̂D

)
, (8)

and for HRC:

D(τ̂) = a1

(
Rc/nc

(
τ̂ +

Δ1

2
, f̂D

)
−Rc/nc

(
τ̂ − Δ1

2
, f̂D

))

+ a2

(
Rc/nc

(
τ̂ +

Δ2

2
, f̂D

)
−Rc/nc

(
τ̂ − Δ2

2
, f̂D

))
.

(9)

In single-path channels (L = 1), the mentioned dis-
criminator functions cross the zero level when τ̂ = τ1.
That is, the zero-crossings show the presence of a channel
path. However, due to BOC modulation, we might have
more zero-crossings present, and the search range should be
restricted to the linear range of the discriminator function
(for SinBOC(1,1)), this linear range goes from about −0.05
till about 0.05 chip error. In multipath channels, we also want
to haveD(τ1) = 0, τ1 being the true line-of-sight (LOS) delay,
in order to estimate correctly the first path delay. However,
this is not always possible, and an estimation error might
happen due to multipath presence, that is, D(τ1 + eme) = 0.
The term eme is the multipath error. An example is shown in
Figure 1 for two in-phase paths of amplitudes 0 and −1 dB
and path spacing of 0.2 chips. In this example, eme = 0.01
chips for HRC, and eme = 0.04 chips for NEML (in single-
path channel, we had eme = 0 chips for both structures).
The maximum and minimum multipath errors define the
multipath error envelopes (MEEs), as it will be discussed in
more detail in Section 3.

While it is generally known that the performance of
coherent correlators outperforms that of the noncoherent
correlators in ideal conditions (e.g., absence of fading or
clock synchronization errors, perfect data bit estimation,
etc.), the nonidealities of practical channels make that the
structures of choice in most nowadays receivers are the
noncoherent ones. This motivates our choice of noncoherent
correlator gates in what follows.
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Figure 1: Examples of noncoherent discriminator outputs
(pownc = 2) for two-path channels, for NEML and HRC correlators.
SinBOC(1,1) signal, early-late spacing Δ1 = 0.1 chips.

3. MULTIPLE GATE DELAY (MGD) STRUCTURES

3.1. Proposed architecture

The proposed generalization of the NEML and double-
delta structures (which cover most of the state-of-art delay
tracking techniques used nowadays in industrial implemen-
tations) follows in a straightforward manner:

D(τ̂) =
Ng∑

i=1

ai

(
Rc/nc

(
τ̂ +

Δi
2

, f̂D

)
−Rc/nc

(
τ̂ − Δi

2
, f̂D

))
.

(10)

Above, we have a weighted sum of Ng correlation pairs
(or gates), with weighting factors ai, i = 1, . . . ,Ng , and
spacings between the ith early and the ith late gate equal to
Δi. Uniform spacing between the gates (as that one used in
NEML and double-delta correlators) means that Δi = iΔ1,
i = 2, . . . ,Ng . However, we need not to restrict our structure
to uniform spacing alone. The above discriminator function
characterizes the proposed multiple gate delays (MGDs). The
first coefficient a1 is normalized, in what follows, to 1 without
loss of generality. An example of the discriminator function
for MGD with uniform and nonuniform spacings is shown
in Figure 2. For 2-path channel, the same channel profile as
in Figure 1 was used. The multipath errors in these cases are:
eme = −0.0025 chips for MGD with uniform spacing and
eme = 0.0150 chips for MGD with nonuniform spacing.

The block diagram of the generic MGD structures is
shown in Figure 3. The incoming signal is correlated with
the reference, BOC or BPSK-modulated PRN code, via Ng

gates or correlator pairs, and, then, it is coherently and
noncoherently integrated. The coherent and noncoherent
integration blocks are optional, but they usually should be
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Figure 2: Examples of noncoherent discriminator outputs (pownc = 2) for single-path and two-path channels, for 2 types of MGD
correlators, each with Ng = 2 gate pairs: uniform spacing (Δ2 = 2Δ1) versus decreasing spacing (Δ2 = 1.5Δ1). SinBOC(1,1) signal, early-late
spacing Δ1 = 0.1 chips. a1 = 1 for both structures.

employed for a better robustness against noise. The type
of nonlinearity that can be used in the implementation
is determined by the factor pownc, with typical values:
pownc = 1 (envelope) or pownc = 2 (squared envelope).
The choice of nonlinearity type is usually motivated by the
design constraints (e.g., complexity of squaring versus taking
absolute value, possible need for analytical models, which
are easier to derive in the case of squared envelopes, via chi-
squared statistics, etc.), therefore we will analyze both cases
(pownc = 1, 2) in what follows. To the authors’ knowledge, a
comparison between squared envelopes and envelopes used
in noncoherent integration is not yet available in the GNSS
literature.

We remark that the structure shown in Figure 3 is not the
only one possible; we might, in fact, combine the early-late
gates after the discriminator function. Such structures have
been analyzed in [24] and were shown to give worse results
than the MGD structure selected here.

We also notice that the term of MGD has been used
before in [15, 16]. We kept the same MGD nomination,
since it is quite a generic one, but, by difference with our
proposed MGDs, the discriminator formed in [15, 16] is a
normalized discriminator, and the choice of the weighting
parameters is not optimized. It is not surprising then, that,
while getting rid of the false lock point problem, the MGD
structures proposed in [15, 16] have even poorer code
tracking performance than the narrow correlator [16].

We also remark that the linear combination of weighted
correlation in order to shape the discriminator function
has been also considered in [25]. There, the coefficients are
optimized reducing the value of the correlation function
outside the region ± 1 chip therefore consequently reducing

the multipath error envelope area. However, the approach
presented in [25] has been tested only for 2-path channels,
with second path weaker than LOS path, and the optimiza-
tion steps for other multipath scenarios seem to depend
on previous knowledge about multipath profiles, which is
not usually available. Our approach is different in the sense
that we do not try to reach an optimal discriminator shape,
but the optimization is done according to the estimated
multipath errors, in such a way to minimize them, on average
(i.e., under the assumption of various statistical distributions
of channel paths, this optimization is performed, and the
MGD parameters are found).

The next step is to choose the MGD parameters, namely
the number of gating pairs Ng , the weighting coefficients ai,
and the gate spacings Δi. This choice is done according to an
optimization criterion defined in the presence of multipath
channels, as given in Section 3.2.

3.2. Optimization criterion

The typical criterion to evaluate the performance of a delay
tracking unit in the presence of multipaths is the multipath
error envelope (MEE) [1]. Typically, two paths, either in-
phase or out-of-phase, are assumed to be present, and the
multipath error is computed versus the path spacing. The
upper error envelope is obtained when the paths are in-
phase and the lower error envelope when the paths have
180◦ phase difference. The MEEs depend on the type and
length of the PRN codes, on the additive white Gaussian
noise (AWGN) level, and on the residual Doppler shift errors
coming from the acquisition stage. However, in order to
distinguish the performance deterioration due to multipath
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Figure 3: Block diagram of MGD delay tracking structures.

errors only, several simplifying assumptions can be made,
such as: zero AWGN, ideal infinite-length PRN codes, and

zero residual Doppler ( fD = f̂D). Under these assumptions,
after straightforward manipulations of (1), (2), (4), (5), (6),
and (7), for noncoherent integration we obtain the following:

Rnc
(
τ̂, f̂D

) =
∣∣∣∣∣
√
Eb

L∑

l=1

αle
− jθlRmod

(
τ̂ − τl

)
∣∣∣∣∣

pownc

, (11)

where Rmod(τ) is the autocorrelation function of the modu-
lated PRN code, given by [22]

Rmod(τ) = ΛTB (t) �
NB2−1∑

k=0

NB2−1∑

k1=0

NB1−1∑

i=0

NB1−1∑

i1=0

(−1)k+k1+i+i1

× δ(t − iTB1 + i1TB1 − kTB + k1TB
)
,

(12)

where ΛTB (t) = pTB � pTB is the triangular pulse of support
2TB, shown in Figure 4.

The MEEs can be then computed straightforwardly,
under these ideal conditions, from (10), (11), and (12)
(noncoherent structures), by considering two-paths in-phase
and out-of-phase channels. However, since the multipath
profiles cannot be known in advance, we can compute some
averaged MEEs, when the second-path amplitude varies. The
approach selected by us was to consider that the first channel

t

−TB TB

1

ΛTB (t)

Figure 4: Illustration of a triangular pulse ΛTB (t) of support 2TB .

path has a unit amplitude, and the second-path amplitude
varies uniformly between 0.3 and 1.0. The final MEEs will be
obtained as an average of all MEEs for each channel profile.

A good delay tracking structure should furnish small
average errors, small worst errors, and small maximum mul-
tipath spacing after which MEE becomes 0. The proposed
optimization criterion, derived by intuitive reasoning is the
area enclosed by the absolute value of the upper MEE and
the absolute value with minus sign of the lower MEE. The
illustration of this “enclosed area” principle is shown in
Figure 5 for a MGD structure with 3 gate pairs, squared
absolute value (pownc = 2), and delta spacings and weighting
coefficients shown in the figure’s caption. The “enclosed
area” is shown in dashed lines. We remark that the units
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Figure 5: Illustration of the “enclosed area” principle for 2 path
channel. Noncoherent MGD structure with pownc = 2, Ng = 3,
a1 = 1, a2 = −0.7, a3 = 0.1, and Δ1 = 0.1 chips, Δ2 = 0.2 chips,
Δ3 = 0.3 chips.

to measure this area are the units of MEEs (e.g., chips or
meters); here the errors are shown in meters, knowing that
one chip error corresponds to 293.25 m (if the chip rate is
1.023 MHz).

3.3. Tables with optimized parameters and
interpretation of results

As mentioned before, the parameters to be optimized are: the
number of gate pairs Ng , the delta (or early-late) spacings Δi,
the weighting coefficients a = {ai}i=1,...,Ng

, and the type of
nonlinearity pownc. Three types of delta spacings have been
studied here.

(1) Uniform spacing: Δi = iΔ1, i = 2, . . . ,Ng.

(2) Decreasing spacing: Δi = ((2i − 1)/2i−1)Δ1, i =
2, . . . ,Ng.

(3) Increasing spacing: Δi = ((2i+1)/2)Δ1, i = 2, . . . ,Ng.

The target was to minimize the area enclosed by the
averaged MEEs, when the amplitude of the second channel
path varied between 0.3 and 1.0 (linear scale), and the
multipath spacing varied between 0 and 1.5 chips (with a step
of 0.01). For convenience and without loss of generality, we
normalized the weighting coefficients with respect to the first
one. Thus, a1 = 1, and the search ranges for ai were between
−1 and +1, with a step of 0.1.

First, we had a look at the minimum enclosed areas
for Ng = 2 and Ng = 3 (in order to see the effect of
increasing the number of gating pairs), and for the two
types of nonlinearities pownc = 1 and pownc = 2. For
SinBOC(1,1) modulation, the minimum enclosed areas are

shown in Tables 1 and 2, and they correspond to the
optimum coefficients given (partly) in Table 3 (only the most
illustrative cases, i.e., uniform and decreasing spacings, are
shown in this last referenced table).

Two well-known reference structures are also shown here
for comparison purposes: the narrow correlator NEML and
the high resolution correlator (HRC), both with pownc = 1
(which proved better than pownc = 2). In fact, both these
structures are particular cases of the proposed MGDs: NEML
has a = [1, 0, 0], as shown in (8), HRC has a = [1,−0.5, 0],
and Δ2 = 2Δ1 (uniform spacing), according to (9).

If we compare Table 1 (Ng = 2) with Table 2 (Ng = 3), we
remark that, by increasing the number of gate pairs, we may
decrease the enclosed MEE area, and, thus, we may increase
the multipath robustness. In the worst case, the areas remain
the same when going from Ng = 2 to Ng = 3 gate pairs,
which means that the optimum is already achieved with a
double-delta correlator-like structure. In this situation, the
optimum is typically given by HRC (see the last column
of Tables 1 and 2). We also remark that the reduction of
the enclosed area is not very large when we increase the
number of gate pairs, which might justify the fact that we
limit our structures to a maximum of Ng = 3 gate pairs
(further increase in the number of gate pairs will boost the
complexity, while providing only marginal benefit in terms
of robustness against multipaths).

It is also seen from Tables 1 and 2 that using envelopes
(pownc = 1) instead of squaring envelopes (pownc = 2) gives
better results. Also, using a decreasing delta spacing instead
of uniform delta spacing is generally better. Similar con-
clusions have been achieved also for GPS BPSK-modulated
signals.

The optimum pairs of coefficients for the two nonlinear-
ity types are shown in Table 3, for SinBOC(1,1) modulation,
and in Table 4 for BPSK modulation. Only uniform and
decreasing delta spacings are considered here, since the
increasing delta spacing was clearly much worse than the
other two types of spacing (as seen in Tables 1 and 2).

An illustration of the averaged MEEs for the narrow
correlator, high resolution correlator, MGD with uniform
spacing (a1 = 1, a2 = −0.7, a3 = −0.2), and MGD with
decreasing spacing (a1 = 1, a2 = −0.9, a3 = 0.2) is
shown in Figure 6, for SinBOC(1,1) signal, envelope-based
nonlinearity (pownc = 1), and 0.25 chips minimum early-
late spacing. The average is done with respect to the second
channel path amplitude, which varies uniformly between 0.3
and 1.0 (when first channel path has unit amplitude). As
discussed before, the best results among these 4 algorithms
are obtained with the decreasing spacing, but the differences
between the 4 considered tracking structures are not very
large.

The values shown in Tables 3 and 4 give the designer the
possibility of a wide choice of MGD parameters, according
to the desired nonlinearity type (imposed, for example, by
hardware restrictions) and to the desired minimum early-
late spacing Δ1. As seen in Tables 1 and 2, the smaller
the minimum early-late spacing, the better the multipath
performance. However, as mentioned in [23], the delay
tracking error decreases with the early-late spacing only if we
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Table 1: Minimum enclosed areas [chips] (i.e., for optimum coefficient pairs), Ng = 2, SinBOC(1,1) signal. Minimum early-late spacing Δ1

is given in chips.

pownc = 1 pownc = 2 Reference NEML Reference HRC
pownc = 1 pownc = 1

unif. spacing decr. spacing incr. spacing unif. spacing decr. spacing incr. spacing

Δ1 = 0.1 0.36 0.45 0.46 0.45 0.41 0.59 1.72 0.36
Δ1 = 0.2 1.49 1.24 1.79 1.61 1.27 1.94 3.15 1.49
Δ1 = 0.3 3.14 2.37 4.14 3.51 2.36 4.14 4.31 3.57

Table 2: Minimum enclosed areas [chips] (i.e., for optimum coefficient pairs), Ng = 3, SinBOC(1,1) signal. Minimum early-late spacing Δ1

is given in chips.

pownc = 1 pownc = 2 Reference NEML Reference HRC

pownc = 1 pownc = 1

unif. spacing decr. spacing incr. spacing unif. spacing decr. spacing incr. spacing

Δ1 = 0.05 0.08 0.06 0.11 0.11 0.07 0.11 0.88 0.08

Δ1 = 0.1 0.36 0.24 0.46 0.43 0.34 0.55 1.72 0.36

Δ1 = 0.15 0.82 0.57 1.04 0.94 0.70 1.18 2.46 0.82

Δ1 = 0.2 1.49 1.02 1.58 1.59 1.24 1.92 3.15 1.49

Δ1 = 0.25 2.04 1.68 2.95 2.33 1.77 3.07 3.77 2.46

Δ1 = 0.3 2.72 2.30 3.91 3.51 2.36 4.10 4.31 3.57

Δ1 = 0.35 3.57 3.19 4.63 3.95 3.31 4.59 4.64 4.48

Table 3: Optimum coefficient pairs ai. Ng = 3. SinBOC(1,1) signal
(Galileo). Minimum early-late spacing Δ1 is given in chips.

pownc = 1

unif. spacing decr. spacing

a1 a2 a3 a1 a2 a3

Δ1 = 0.05 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.1 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.15 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.2 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.25 1 −0.7 −0.2 1 −0.9 0.2

Δ1 = 0.3 1 −1.0 −0.4 1 −0.8 0.1

Δ1 = 0.35 1 −1.0 0.5 1 −0.7 −0.1

pownc = 2

unif. spacing decr. spacing

a1 a2 a3 a1 a2 a3

Δ1 = 0.05 1 −0.8 0.2 1 −0.8 0.1

Δ1 = 0.1 1 −0.7 0.1 1 −0.5 −0.2

Δ1 = 0.15 1 −0.8 0.1 1 −1.0 0.2

Δ1 = 0.2 1 −0.9 0.1 1 −1.0 0.2

Δ1 = 0.25 1 −1.0 0.0 1 −1.0 0.1

Δ1 = 0.3 1 −1.0 0.0 1 −1.0 0.0

Δ1 = 0.35 1 −1.0 0.5 1 −1.0 −0.1

assume infinite bandwidth. If the bandwidth is limited, there
is a lower bound limit on the minimum early-late spacing.
Although closed form expressions for this limit do not exist, a
coarse limitation of the order of Δ1 = 1/Brx has been derived
in [26], where Brx is the receiver front-end bandwidth. For
example, if the receiver bandwidth is limited to 20 MHz, the

Table 4: Optimum coefficient pairs ai. Ng = 3. BPSK signal (GPS).
Minimum early-late spacing Δ1 is given in chips.

pownc = 1

unif. spacing decr. spacing

a1 a2 a3 a1 a2 a3

Δ1 = 0.05 1 −0.5 0.0 1 −0.4 −0.2

Δ1 = 0.1 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.15 1 −0.5 0.0 1 −0.2 −0.4

Δ1 = 0.2 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.25 1 −0.5 0.0 1 −1.0 0.3

Δ1 = 0.3 1 −0.5 0.0 1 −0.9 0.2

Δ1 = 0.35 1 −0.5 0.0 1 −1.0 0.3

pownc = 2

unif. spacing decr. spacing

a1 a2 a3 a1 a2 a3

Δ1 = 0.05 1 −0.5 0.0 1 −0.2 −0.4

Δ1 = 0.1 1 −0.8 0.2 1 −0.8 0.1

Δ1 = 0.15 1 −0.4 −0.1 1 −0.9 0.2

Δ1 = 0.2 1 −0.8 0.2 1 −0.7 0.0

Δ1 = 0.25 1 −0.7 0.1 1 −0.7 0.0

Δ1 = 0.3 1 −0.7 0.1 1 −0.6 −0.1

Δ1 = 0.35 1 −0.7 0.1 1 −0.5 −0.2

minimum early-late spacing that we can use will be around
Δ1 = 0.05 chips. Decreasing the early-late spacing below
this limit will not provide any additional benefit in terms of
code tracking error, it will only decrease the linear range of
the discriminator. A large linear range of the discriminator
curve is also important, since it is directly related to the
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ability of the loop to keep the lock. The linear range is
directly proportional with half of the early-late spacing Δ1/2,
as illustrated in Figure 7 (there, the linear range for Δ1 = 0.1
chips goes from −0.05 till 0.05 chips, and the linear range
for Δ1 = 0.3 chips goes from −0.1 till 0.1 chips, with high
likelihood that the loop will not lose lock as long as the
error is below 0.15 chips in absolute value, due to the piece-
wise linear and monotonic shape of the discriminator in the
region −0.15 to 0.15 chips). An approximation of the linear
range of the discriminator is therefore given by Δ1/2. Thus,
when choosing Δ1, the designer should take into account the
multipath performance, on one hand, and the bandwidth
limitations and linear range constraints, on the other hand.

3.4. MEEs for more than 2 paths

When we want to analyze the MEEs in channels with more
than 2 paths, there are no analytical expressions to compute
them, due to the complexity of channel interactions. Thus,
we cannot know if the “worst” case errors happen when all
the paths are in phase or when they have alternate phases,
and so forth. The solution we propose here in order to
compute MEEs for multiple-paths channels is based on
Monte-Carlo simulations: we generate a sufficient number
of random channel realizations Nrandom, and we look at
the highest positive and negative multipath errors over the
Nrandom points. The goal is to study the MGD performance in
multipath channels with more than 2 channel paths (which
may occur especially in and urban indoor scenarios). For this
purpose, we consider that the channel impulse response h(t)
is given by (same notations from (2) are used here)

h(t) =
L∑

l=1

αle
− jθl δ

(
t − τl

)
. (13)

We made the following assumptions during the following
simulations: that the channel has a decaying power delay
profile (PDP), meaning that αl = α1e−μ(τl−τ1), where μ
is the PDP coefficient (assumed in the simulations to be
uniformly distributed in the interval [0.5; 1] when the path
delays are expressed in samples), that the channel path phases
θl are uniformly distributed in the interval [0; 2π], that
the number of channel paths L is uniformly distributed
between 2 and Lmax (with Lmax = 3, 4, . . . ,n), and that the
successive path spacing τl − τl−1 is uniformly distributed in
the interval [1/NsNB; xmax], where Ns is the oversampling
factor or number of samples per BOC interval (a parameter
which defines the resolution of the delay estimates), and
xmax is the maximum value of the successive path spacing
(which will define the multipath delay axis in the MEE
curves). It follows that, for each channel realization (meaning
a combination of amplitudes α = α1, . . . ,αL, phases θ =
θ1, . . . , θL, path spacings, and number of channel paths L),
a certain LOS delay is estimated τ̂1(α, θ,L) from the zero
crossing of the discriminator function (D(τ)|τ̂1(α,θ,L) = 0),
searched in the linear region of D(·). The LOS estimation
error is thus τ̂1(α, θ,L) − τ1, where τ1 is the true LOS path
delay. The multipath error envelopes (upper and lower) for a
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Figure 6: Illustration of the averaged MEEs for NEML, HRC,
and two MGDs with optimal parameters as given in Table 3 (for
uniform and decreasing spacings). pownc = 1, Δ1 = 0.25 chips, and
SinBOC(1,1) signals.
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particular path spacing xmax can be therefore computed as

MEEupper
(
xmax

) = max
α,θ,L

(
τ̂1(α, θ,L)− τ1

)
,

MEElower
(
xmax

) = min
α,θ,L

(
τ̂1(α, θ,L)− τ1

)
.

(14)
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Figure 8: Multipath error envelopes for channels with more than
2 paths (Lmax = 6 paths), minimum early-late spacing Δ1 = 0.25
chips, SinBOC(1,1) signal.

The results based on the above rule are shown in Figure 8
for Lmax = 6 maximum channel paths. Similar results have
been achieved also for Lmax between 3 and 5 paths, with
the only difference that the MEE levels are increasing when
the number of path increases (this can be noticed also
if we compare Figure 8 with Figure 6). Several structures
with optimized parameters as given in Table 3 and different
nonlinearity types were used here. The surprising result is
that the higher the number of channel paths is, the more
the performance of various MGD structures becomes similar
for all the considered algorithms (and they all reach the
performance of the narrow correlator). It follows that the
main advantage of the proposed MGD structures comes
from the fact that they offer patent-free alternatives to the
current narrow and double-delta correlators, by preserving
the same performance in realistic multipath channels.

4. SIMULINK/GRANADA-BASED IMPLEMENTATION

4.1. Model description

The Galileo receiver analysis and design application
(GRANADA), developed by Deimos Space within GARDA
project, is one of the popular GNSS simulation tools
nowadays. It consists of two parts: Bit-true GNSS SW receiver
simulator and GNSS Environment and Navigation simulator.
Since the Bit-true GNSS SW receiver simulator is created
based on the Simulink/Matlab, it is easy to be modified for

new receiver technologies. This simulator is currently used
by several universities and researchers [16, 27–29].

The GRANADA Bit-true GNSS SW receiver simulator
is made up by three parts: the transmitter block, the
propagation channel block, and receiver block, as shown
in Figure 9. The transmitter block includes the code gen-
eration, BOC modulation, and channel multiplexing. The
propagation channel model takes into consideration the
multipaths, the AWGN noise, and a few other possible
sources of interference, such as the wideband interference
from other satellites. The receiver block contains basically
receiver front end, acquisition, and code tracking blocks.
The general architecture of receiver is shown in Figure 10.
After some modification in GRANADA version 2.02, which
is distributed under Galileo supervisory authority (GSA)
licenses, it can be used for testing the performance of MGD
structure. The modifications made to GRANADA tool are
explained with details in [29, 30].

4.2. Results in AWGN and multipath static and
fading channels

In order to evaluate the performance of the new structures,
root mean square error (RMSE) between the estimated delay
and the true LOS delay is calculated. In order to test the DLL
performance in the noise presence, we chose three kinds of
channel profiles: single-path static channel, two-path static
channel, and four-path fading channel, as shown in Table 5.

Figures 11, 12, and 13 show the RMSE values of
different algorithms in the different channel settings. Since
the received signal cannot get synchronized in the acquisition
stage of GRANADA when CNR is below 35 dB-Hz, we
calculate the RMSE values from 35 dB-Hz to 50 dB-Hz.
Structures with early-late spacing Δ1 = 0.1 chips have been
selected for comparison purpose, but similar results (which
are in accordance with the models given in Section 3) were
obtained for other early-late spacings as well.

Besides the MGD structures described in Section 3, we
also considered here a normalized MGD structure, where the
discriminator function is normalized by the weighted sum of
early and late correlations, similar with [15, 16]:

Dnorm(τ̂)

= D(τ̂)
∑Ng

i=1ai
(
Rc/nc

(
τ̂ + Δi/2, f̂D

)
+ Rc/nc

(
τ̂ − Δi/2, f̂D

)) .

(15)

The purpose of including the normalized MGD in the com-
parison was to show that the normalized MGD structures
of [15, 16] have worse performance than the un-normalized
structures proposed by us.

The delay error between the initial code replica in the
receiver and the received signal has not been taken into
account. The estimated delay values used for calculating
RMSE are taken after the transient stage in the beginning of
the tracking stage. From Figures 11 and 12, the simulation
results in the static channel show that as CNR increases, the
estimation delay errors converge to the corresponding value
in the MEEs.
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Figure 9: The basic diagram of GRANADA Bit-true software receiver simulator.
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Figure 10: The simplified baseband receiver diagram in GRANADA (NEML).

For scenario 1, the estimated delay errors are caused
by the noise only, since there is only LOS signal in the
propagation channel. As the CNR increases, the RMSE value
of each algorithm gets close to 0. When CNR is equal to
50 dB-Hz, the RMSE values are below 0.5 meters. From
the single path simulation results, we notice that all these
algorithms have similar performance in the AWGN channel,
as desired.

For scenario 2, as the CNR increases, the RMSE value of
each algorithm converge to different values. This is because
the RMSE value takes both bias and variance into account.
The variance is caused by the noise and decreases when CNR
increases. However, the bias is caused by the multipath in
the channel and is equal to the corresponding point in the
MEEs. For instance, as the CNR increases, the RMSE values
of NEML algorithm converge to 11 meters, which is the
same value in the MEEs according to the channel profile of
scenario 2. The normalized MGD has worse behavior than
an un-normalized MGD with the same parameters.

From Figure 12, it is clear that the HRC algorithm and
MGD algorithm with weighting factors a = (1,−0.6, 0)
show better performance than NEML algorithm, and MGD
algorithm with a = (1,−0.7, 0.1) (i.e., optimum parameters)
shows the best performance among all considered algorithms
(which is in accordance with the theoretical derivations in
Section 3.2).

In the multipath fading channel, the LOS signal follows
Rician distribution, and the NLOS signals follow Rayleigh
distribution. The mean power and delay of each ray are
described in Table 5. Figure 13 shows that the RMSE value
of NEML is much higher than other algorithms, especially
when CNR is 35 dB-Hz, it gets till 172 meters (not shown in
the figure in order to get a better scale). An MGD structure
with weighting factor a = (1,−0.7, 0.1) shows again the best
performance among the algorithms, as expected, according
to the optimization results given in Section 3. The RMSE
performance of normalized MGD algorithm is quite poor in
fading channels.
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Table 5: Simulation scenarios for Simulink/GRANADA-based simulations.

Scenario Multipath model Path delay (chip) Relative path gain (dB)

Scenario 1 single-path static channel 0 0

Scenario 2 two-path static channel [0 0.2] [0 −3]

Scenario 3 four-path fading channel [0 0.2 0.4 0.6] [0 −1 −2 −3]
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Figure 11: The RMSE simulation results in single-path static
channel, Δ1 = 0.1 chips, pownc = 2.
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Figure 12: The RMSE simulation results in two-path static channel,
Δ1 = 0.1 chips, pownc = 2.
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Figure 13: RMSE simulation results in 4-path fading channel, Δ1 =
0.1 chips, pownc = 2.

5. ALGORITHM TESTING/PROTOTYPING

From the MGD structure optimization results (Tables 2
and 3), we chose the MGD algorithm with Ng = 3 to be
investigated further in prototype stage. Both uniform and
decreasing spacings with the Δ1 = 0.1 and Δ1 = 0.25 chips
were chosen to be studied.

The purpose here is to show that the chosen tracking
algorithms are feasible to be implemented on actual devices.
One of the targets of this study was to see if the behavior of
the proposed algorithms does change due to the restrictions
given by the hardware implementation. These restrictions
include finite computation accuracy, and the effect of quan-
tization due to the bit-width of the signals and the limitation
caused by the operation frequency of the synchronous digital
system.

We also focus on the design complexity issue, which
characterizes the algorithm development especially in the
low cost receivers. Since the trend in price of the satellite
navigation receivers is currently descending [31], the man-
ufacturers of these low cost, mass market, receivers will
most likely reject the algorithms with high implementation
complexity and cost.
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Figure 14: Implemented hardware tracking architecture with seven correlators.

In the satellite navigation receiver, the signal tracking
is performed by hardware and software signal processing
[23]. On the evolving field of satellite navigation sys-
tems, the issue of flexility has become more and more
important. Flexible designs allow algorithm updates if the
specifications of upcoming systems (like Galileo) change
suddenly. Flexible designs are usually relying on software-
based implementation [32]. For receivers, the software-based
implementation is declared to be minimizing the area and
cost. On the other hand, the computation burden of the real-
time tracking algorithms is too high for most of the handheld
device processors, and thus hardware-based computation
acceleration is also required. The division between hardware
and software implementation may vary in different cases and
from the cost perspective it has quite an important role.
For this software versus hardware division, one approach
in the literature has been the division where the correlation
of incoming signal and the reference code are implemented
as a specific hardware accelerator, and the computation of
discriminators for the feedback loop is done by software
running on a digital signal processor (DSP) or some specific
processor [20, 33]. In the commercial receiver chip sets,
this division is usually implemented as a specific hardware
GPS accelerator, engine or core, which is connected to an
embedded processor [34, 35].

We chose this approach with the focus on the hardware
complexity for our algorithm prototyping implementation.
We used the hardware synthesis results (i.e., resource

consumption on target FPGA) to estimate the relative
complexity of the implemented algorithms.

5.1. Implemented architecture

We implemented the chosen MGD algorithm in both Sys-
temC and VHDL hardware description languages. The hard-
ware was implemented as a Galileo/GPS tracking structure
with processes of carrier wipe-off, code tracking correlation,
and result integration. The architecture of the implemented
hardware delay tracking channel is illustrated in Figure 14.
The number of correlators is related to the algorithm used.
For the chosen MGD structure withNg = 3, seven correlators
are needed to form three correlator pairs and the prompt
correlator.

The implemented tracking architecture contains the
following functional units: numerically controlled oscillators
(NCOs) are used to create the desired frequencies inside the
system for the replica code and carrier generation. The code
generator is used to generate the replica PRN code for track-
ing. The carrier NCO outputs sine and cosine waves, which
are used to strip the intermediate frequency (IF) carrier from
the incoming signal. The sine and cosine multiplications
make also the division between in-phase and quadrature
phase channels. Seven correlators in both channels are used
to correlate the incoming signal with the delayed versions
of locally generated code. The amount of delay between the
code generation outputs defines the spacings (Δ1,Δ2, andΔ3)
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Figure 15: Implemented delay registers: (a) uniform delay spacing, (b) decreasing delay spacing. Ref code is reference code chip value
from code generator, VVE, VE, E are early, P is prompt, and L, VL, VVL late outputs of the delay register. The relative correlator spacings
(Δ1, Δ2, Δ3) are illustrated on top. Z−1 is the smallest uniform delay.

between the correlators. Discriminator function is computed
from the accumulated (integrated) correlator outputs.

Since we decided to implement both uniform and
decreasing spacing algorithms, two versions of the delay line
in the code generator output was constructed. The main
difference between these delay lines is illustrated in Figure 15.
The uniform delay spacing is created simply by feeding the
reference code chip value from the code generator through a
delay shift register, where all delays are equal (e.g., for Δ1 =
0.25 chips, we have: Z−1 = 0.125 chips). The decreasing delay
spacing implementation needs additional registers between
the very-very-early (VVE) and very-very-late (VVL) outputs
to align the delays correctly (e.g., for Δ1 = 0.25 chips, we
have: Z−1 = 0.03125 chips, Z−2 = 2Z−1 = 0.0625 chips,
and Z−4 = 4Z−1 = 0.125 chips). One may notice that the
decreasing delay spaced register implementation needs much
smaller uniform delay Z−1. The relationship of smallest
uniform delay Z−1 in cases of uniform and decreasing delay
spacings is

Z−1
uniform= 2Ng−1Z−1

decreasing. (16)

5.2. SystemC verification of the architecture

We started the prototyping task by creating a high-level
SystemC model of the hardware tracking channel. SystemC
is a C++ library extension which can be used, for example,
to cycle accurate hardware architecture modeling [36]. The
similarity of the syntax of the hardware description lan-
guage with C++ allowed fast prototype generation. Another
benefit of using SystemC is that it contains the simulator
itself, thus a stand-alone executable can be created for the
simulations. The developed model was based on the one
published previously in [37]. In [37], the SystemC hardware
description language was used to model an inter-operative
GPS/Galileo code correlator channel. For the MGD tracking
algorithm testing, a carrier wipe-off process was included
to this newer version of model. We developed a Matlab
code to represent the software part of the proposed MGD

tracking algorithms. Matlab was also used for generation
of the input signals for the test simulations. The division
of resources between SystemC model and Matlab software
environment is illustrated in Figure 16. The implemented
SystemC model contains the same functional blocks as are
illustrated in Figure 14 and, together with the surrounding
Matlab environment, principally the same functionality as in
Figure 3.

We used this SystemC model to see how the MEE
curves of the proposed MGD algorithms behave when
the hardware model is used. HRC and NEML algorithms
were implemented for reference purposes. At first stage of
MEE testing, we noticed that the envelopes (pownc = 1)
generated with the SystemC model did have a constant
negative offset. This can be seen clearly in Figure 17, where
the blue-squared curve illustrating the SystemC hardware-
based MEE of NEML (Δ1 = 0.1 chips) has a negative offset
when comparing to the black-star, plain Matlab based, and
reference curve. On the other hand, the hardware model’s
MEE shares the same shape with the ideal reference one.

The reason for this behavior was found to be the
imperfect frequency generation inside the hardware tracking
channel. When both code generating and sampling fre-
quency are generated with the NCO, there is a possibility to
a sample slip if the NCO’s frequency resolution is too low.
With no noise condition (as MEEs are generated), this has
an effect on the shape of ideal autocorrelation function curve,
making it not to have identical sides. We improved the output
accuracy of NCOs by increasing the accumulation register
size from 24 to 32 bits. This removed the offset from the
discriminator output as can be seen from Figure 18, where
red-diamond curve presents the MEE result with the new
NCO size of 32 bits and blue-squared with NCO size of 24
bits.

After the issue of the NCO size was dealt with, we
made a conclusion that the proposed MGD algorithms are
implementable, and the implemented hardware architecture
is solid for this purpose. An example curve for the uniformly
spaced (Δ1 = 0.1, Δ2 = 0.2, Δ3 = 0.3 chips) MGD
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Figure 16: Block diagram of the implemented high-level SystemC hardware model inside the Matlab software.
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Figure 17: Difference between the hardware model and Matlab-
based MEE curves of NEML discriminator (Δ1 = 0.1). The black
line presents the behavior of reference Matlab simulation, and the
blue curve illustrates the behavior of the SystemC model.

structure (Ng = 3, pownc = 1) is illustrated in Figure 19. This
figure shows how the shape of the hardware-based multipath
envelope is similar to the one generated purely in Matlab
in Figure 5. Figures 19 and 5 also show the difference in
envelope area when alternating between pownc = 1 and
pownc = 2.

0 0.5 1 1.5

Multipath delay (chips)

−10

−8

−6

−4

−2

0

2

4

6

8

E
rr

or
(m

)

MEE of NEML-effect of NCO register size

SystemC 24 register 0
SystemC 24 register −180

SystemC 32 register 0
SystemC 32 register −180

Figure 18: Effect of the NCO register length to the MEE curves
of NEML discriminator (Δ1 = 0.1 chips) created by the SystemC
model. The blue-squared curve presents the case when NCO
register size was 24 bits; the red-diamond line is for the case of 32
bits.

5.3. VHDL implementation and synthesis

After the architecture of the hardware tracking channel and
its functionality with the proposed MGD structure were
verified with the SystemC hardware model, we build a VHDL
model of the tracking channel. VHSIC hardware description
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Figure 19: Example of the SystemC hardware-based MEE of the
MGD (Ng = 3, pownc = 1, Δ1 = 0.1 chips, uniform spacing) with
SinBOC(1,1) signal.

language (VHDL) is a language designed and optimized for
describing the behavior of the digital systems, and it is one
of the standard languages among the electronic engineers
[16]. Since the VHDL needs a simulator software for
simulation, we used ModelSim software and tool command
language (TCL) scripts to run the simulations for MEE
generation. The VHDL hardware-based MEE curve of the
proposed MGD with both uniform (a = [1,−0.7,−0.2])
and decreasing (a = [1,−0.9, 0.2]) spacing implementations
are illustrated in Figure 20. The blue-squared curve presents
the uniform spaced MGD and the red-circled the decreasing
spaced MGD, for both curves the common parameters were
Ng = 3, pownc = 1, and Δ1 = 0.25 chips. From the figure, we
can see that the MEE curves of the hardware implemented
MGDs are active in the limits set by the theoretical ones,
illustrated in Figure 6.

We used the synthesis results of the VHDL model to
evaluate the implementation complexity of the proposed
algorithms. The synthesis was done by using the Xilinx ISE
software. We varied the number of correlators, since it is the
characterizing quantity when choosing the MGD algorithm
to be implemented (Ng). Our target device was the Xilinx
Virtex II PRO field programmable gate array (FPGA). FPGAs
are reprogrammable digital devices which can be used in
tasks requiring a high processing speed, like tracking process
[32].

The synthesis results are subjected to the target platform
and, therefore, they can not be generalized. Because of this,
we focused on the comparison between the complexity of
uniform and decreasing delay spaced implementations, with
a varying number of correlators. We synthesized only the
delay register part of the hardware architecture since it is the
only part that differs. The results are illustrated in Figure 21
and in Table 6. These results indicate that the hardware
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Figure 20: Example of VHDL hardware-based MEEs. MGD with
uniform spacing (a = [1,−0.7,−0.2]) is illustrated in blue-
squared curve and MGD with decreasing spacing is illustrated (a =
[1,−0.9, 0.2]) in red-circled. (Ng = 3, pownc = 1, Δ1 = 0.25).
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Figure 21: Synthesis of the architecture to the target device: effect
of the number of correlators.

complexity, measured as usage of target FPGA resources
(equivalent logic gate count, logic slices, flip flops, and
lookup tables), increases linearly with respect to amount of
correlators (Ng) in uniform delay spaced implementations.
In cases of decreasing delay spaced implementations,. the
complexity increase is much faster. One must note that the
left out part of the system adds a constant positive offset to
the synthesis results.

Another difference between the implementations of uni-
form and decreasing delay spacings is in the increase of the
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Table 6: Xilinx resource usage.

Resource usage in target device

unif. spacing decr. spacing

Slices FF LUT Slices FF LUT

Ng = 2 5 4 5 5 6 4

Ng = 3 7 6 7 11 14 7

Ng = 4 9 8 9 20 30 9

Ng = 5 11 10 11 37 62 11

generated frequencies when using the decreasing one. The
proposed decreasing spacing structure with Ng = 3 requires
approximately four times higher frequency to be generated
than uniformly spaced MGD structure with equivalent Ng .
This is because the smallest common uniform delay factor
with the uniform spacing of Δ1 = 0.25 chips is Δ1/2 = 0.125,
but for the proposed decreasing spacing structure of Δ1 =
0.25 chips it is Δ1/8 = 0.03125. This equals to the reference
code delay register frequency increase from 8.184 MHz up to
32.736 MHz with Galileo E1 and GPS C/A signals, when their
fundamental frequency is 1.023 MHz. Also the limitation
caused by the RF front-end bandwidth is met much faster
when using the decreasing spacing, compared with uniform
spacing.

6. CONCLUSIONS

In this paper, a comprehensive description of Multiple Gate
Delay tracking structures for GNSS signals in multipath
environments has been introduced, covering all the steps
from theoretical derivation and choice of design parameters
till the final stage of prototyping. We showed that the
proposed structures are implementable and that they have
a high flexibility. We also explained in detail the design
steps that should be taken in order to derive easily new
MGD structures according to the target constraints (e.g.,
desired number of gate pairs, sampling frequencies, available
bandwidths, etc.). We have discussed as well some aspects not
taken into account in previous research papers, such as the
effect of the nonlinearity type on the system performance,
the design of gate spacings in multiple gate structures, and
the effect of realistic PRN code lengths on the multipath error
envelope analysis. We compared the MGD structures with
uniform and decreasing spacings in terms of complexity,
and we showed that the slightly better performance of
MGDs with decreasing spacings is counter-balanced by a
higher complexity, especially when the number of gate pairs
increases. We showed that the state-of-art delay trackers,
such as narrow correlator and double-delta correlators, can
be seen as particular cases of MGD structures.

We saw that the best choices in terms of two-path
error envelopes are the MGDs with decreasing gate spac-
ings and envelope nonlinearity. However, we also showed
that, when the number of channel path increases, various
MGD structures start to have equal performance, and the
performance gap between narrow correlator and MGD
structures disappears. Nevertheless, the main advantage of

the proposed MGD structures is that they offer a large set
of unpatented choices (at least according to the very best
of authors’ knowledge) that can be used for the design of
multipath delay trackers for mass-market GPS and Galileo
receivers.
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Abstract - Satellite based navigation is a rapidly growing 

application of satellite systems. The research of the topic is 

lacking “open source” hardware receivers. Our group’s 

purpose is to provide one. In this paper we outline the 

background to the topic, motivate the need for hardware 

receiver research and present the functional blocks for a 

generic GNSS receiver. Our implementations, with their 

current status, are presented and the initial block-by-block 

functionality is presented along the signal chain from antenna 

to the actual navigation solution. Our future work will be the 

connection of the currently discrete pieces to a solid 

framework – a real-time GNSS receiver.  

I. INTRODUCTION 

NE of the fastest growing applications of satellite 

systems is the satellite based navigation. Out of the 

current Global Navigation Satellite Systems (GNSS) 

the American NAVSTAR Global Positioning System, a.k.a. 

GPS, is the only one with fully operational status and 99% 

service coverage over the world [1]. The other system 

partially existing is Russian GLONASS, which is currently 

on the edge of total system renewal.  

Europe has also started operation in the GNSS field. The 

first Galileo test satellite, GIOVE-A, was launched on 28th

of December in 2005 [2]. The second test satellite, GIOVE-

B was launched on 27th of April 2008 and GIOVE-A2 is 

planned to be launched in 2009 [2], [3].  

The fourth player in the GNSS field is China. The 

Chinese system called Beidou/Compass is already 

transmitting preliminary signals [4]. 

With so many systems emerging and the GPS 

modernization program existing [1] it is clear that there is 

much interest in the satellite navigation now and in the 

future. 

A. Motivation 

Since the systems under acronym GNSS are being 

developed, the research of related topics, especially 

receivers, are also of growing interest.  

Research covering GNSS receivers is done in many 

abstraction levels, starting from high level algorithm 

development to actual building of working prototypes of 

receivers. All of these abstraction levels need to be 

researched to gain best possible knowledge of the issue. 

In the prototyping end of the research there are not many 

open source satellite navigation receivers available. The few 

existing ones [5], [6] are mostly relying on open source 

software, and third party hardware. Or the open source is 

limited to architecture level [7]. Yet there are researchers 

who are also keen to know what happens inside of the actual 

hardware. 

From this starting point we started to work up over an 

idea of making an open source GNSS receiver reference 

design. 

B. Selection of the Proper Subset of GNSS Signals 

In practice it is hard to build a receiver that works with all 

GNSS signals. To select a feasible subset of GNSS signals 

the designer must take into account several issues, e.g., the 

frequencies and signal availability without cost. 

The illustration of the signal spectra of these systems is 

shown in Figure 1. As one can see from the figure, some 

frequency bands are common between several systems. 

Between GPS and Galileo two bands are shared; E5a – L5, 

centered at 1176.45 MHz and L1, centered at 1575.42 MHz. 

Especially interesting band is the L1 band, since it is 

currently the only one actually having a real navigation 

signal, GPS C/A, available for civilian users. New L1 band 

signals have been introduced, Galileo L1 Open Service 

Signal, also free to use for civilians and GPS L1C, an 

advanced GPS signal. [10]  

The European and US satellite navigation authorities have 

closely worked together on interoperatibility issues between 

the Galileo L1 OS signals and future advanced GPS L1 

signals. This work has yielded a new common modulation 

scheme called Binary Offset Carrier modulation [8], [16].  

Because of the existing signal (GPS C/A) and future 

Galileo OS signal we decided to go with a L1 band receiver. 

C. The Concept of GNSS Receiver 

The legacy (GPS receiver) for the concept of a GNSS 

receiver is well presented in literature [1], [6], [9], from 

where our approach is straightforwardly adopted. The high 

level block diagram of the GNSS receiver is shown in 

Figure 2. Next we give an overview of interfaces and 

functions of each block. A more detailed description of the 

implementation of those functions is given in later sections. 

The receiver interfaces to the satellite system through an 

antenna which receives the satellite signals and feeds them 

to the Radio Frequency (RF) front end unit of the receiver. 

The GPS receiver’s antenna is characterized with Right-

Hand-Circular-Polarization (RHCP), and hemispherical 

reception pattern [1]. 

GNSS Receiver Reference Design 
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The radio part in a GNSS receiver contains the same 

fundamental parts as any other satellite radio receiver. The 

incoming signal is amplified with a low noise amplifier 

(LNA), filtered, down-converted to a suitable Intermediate 

Frequency (IF) and at last quantized and digitized by an 

analog to digital converter. The radio part feeds the digital 

signal to the baseband part [6], [10]. 

The main tasks of the baseband part consisting of parallel 

digital receiver channels are to find the satellite signals 

buried in noise, and then track them to extract the 

demodulated navigation data from the signal. Three-

dimensional navigation needs at least four satellites to solve 

four unknowns (x-, y-, z-coordinates, and time), this is the 

reason for having at least four parallel channels, each 

working on one satellite signal. Typical number of parallel 

channels in today’s mass market GPS receivers is 12, when 

in practice the number of satellites in view for a certain 

location is from 6 to 10 [1].  

The search phase is called acquisition. The acquisition is 

basically a three dimensional task, the dimensions being 

satellite id (each satellite has a unique pseudorandom noise 

code), the PRN code delay and the Doppler frequency 

caused by the movement of the satellite and receiver. 

After successful acquisition the signal can be tracked. 

Tracking tries to keep up with the dynamics of the incoming 

signal by replicating it as accurately as possible. The error 

between the replicated signal and the incoming one is 

sensed by feedback loops. Delay Locked Loop (DLL) is 

used for PRN code phase tracking and Frequency and/or 

Phase Locked Loops (FLL, PLL) are used for tracking the 

carrier frequency and phase of the signals respectively.  

When signals are locked to the tracking (i.e. the tracking 

keeps up with them) the receiver can extract the data 

symbols from the data stream. In addition to the navigation 

data the signal symbol stream contains preamples (i.e. pre-

defined bit sequences) which are used for synchronizing the 

received data (i.e. finding boundaries of the data frames / 

sub frames).  

Besides demodulation of the navigation data the baseband 

tracking must also provide pseudoranges to satellites. 

Pseudoranges are computed from time differences between 

signal transmission and reception times.  

The transmission time of the signal is coded in the 

navigation data (called Z count in GPS system), and the 

reception time can be calculated by using phase information 

provided by the tracking loops and by counting data 

symbols and PRN code chips. 

The navigation process takes a constant stream of 

navigation data as input. This navigation data stream 

consists of all separate data streams from the satellites that 

are being currently tracked. For each tracked satellite, it is 

necessary to decode a certain set of parameters, i.e., 

ephemeris parameters. The ephemeris data describes the 

actual satellite orbit, and it also includes parameters which 

correct perturbations over time in the satellite orbit. 

Before any data is utilized in navigation, it must pass 

parity checking. Then as the valid ephemeris data has been 

updated for each tracked satellite, it is possible to calculate 

the satellite locations in ECEF (Earth Centered Earth Fixed) 

coordinates. In the same process, corrections are applied to 

the pseudorange values that are provided by the baseband 

unit. 

In the next phase the user location is estimated. The 

estimation is based on typical least-squares (LS) method, 

which is an iterative algorithm for estimating user location 

and user clock bias. After a number of iterations the solution 

will converge to the best estimate of the given satellite 

geometry. 

The results from the LS method are still noisy, and they 

contain a random error from the true user location. This 

error is equivalent to the User Equivalent Range Error 

(UERE). For providing smoother user location estimates a 

Kalman filter can be applied [11]. With a simple filter 

model the results can be improved in quality. 

Figure 1 Frequency plans for current and planned GPS, Galileo and GLONASS signals. Figure is modified from one presented in [10]. 
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As a last step in the navigation process the resulting user 

location and time information are converted into a standard 

NMEA (comes from National Marine Electronics 

Association) format, which will be the output from the 

navigation process. 

To make the usage of the receiver easier and more 

comfortable the navigation solution (i.e. coordinates) are 

usually shown on a map or as directions to a desired 

location. To enable map views the receiver must also have a 

graphical user interface (GUI). 

II. BUILDING A GNSS RECEIVER REFERENCE DESIGN

As mentioned earlier, our receiver is built based on the 

architecture presented in literature [1], [6], [9]. Next we 

describe our implementations of the blocks in more detail. 

We also present the initial results proving the functionality 

of each implemented block. 

A. Selection of the Radio Front End 

Because we did not have suitable resources to design and 

implement analog electronics we had to rely on third party 

radios. Since the selection of a radio is quite critical for the 

rest of the system we had some requirements for the target 

RF. Our criteria for the RF front end were GPS 

compatibility, integratability to Field Programmable Gate 

Array (FPGA) board (easy interfacing), and cost. The 

NEMERIX GPS L1 Evaluation Board [12] met all these 

criteria and was thus chosen. 

We tested the RF board by setting up a system to record 

the signal captured by an antenna attached. The capturing 

system consisted of antenna, RF board, FPGA board with 

memory and laptop PC. The logic implemented on FPGA in 

the first phase simply took care of saving the output samples 

from the RF to a memory located on the board. Then we 

transferred the memory content to the PC for post-

processing.  

B. Implementing Digital Baseband 

We followed the well known approach [7] to build the 

digital baseband on FPGA evaluation board. The functions 

performed by the digital receiver channels (acquisition and 

tracking) require a high amount of computation and thus 

their implementation by exploiting parallelism when 

possible are desirable. In software the parallelism is harder 

to reach. Next we describe our solutions for acquisition and 

tracking in more detailed manner.  

a) Acquisition 

The acquisition mechanism is the most important part in 

the baseband implementation. Its job is to find the correct 

satellite and feed the phase and Doppler frequency 

information to the tracking part.  

The incoming signal includes three components: data 

message, carrier frequency and PRN code. In the acquisition 

part we want to identify which satellite the incoming signal 

belongs to, so the extraction of PRN code which has been 

modulated in the signal is necessary. As illustrated in Figure 

3 the IF signal which consists of two components I (In-

phase) and Q (Quadrature-phase) separated by a phase 

difference of 90 degrees, is fed to the acquisition system. 

After going through the mixer which is used to get rid of the 

carrier frequency, and to remove the unwanted image 

frequency produced during the down-conversion process, 

the incoming signal is moved to the baseband and passed 

onto the Matched Filter. The structure of the MF is 

illustrated in Figure 4. 

Normally, the simplest way to implement the acquisition 

function is to design a serial correlator structure, where the 

correlator takes at a time one chip of the incoming data and 

multiplies it with a chip from a PRN code replica. For one 

search cell the correlation is integrated over one code epoch 

time (1 ms in GPS and 4 ms in Galileo [13], [16]) to get rid 

of noise. For example current GPS L1 PRN codes are 1023 

chips long, so search in half chip accuracy results in 2046 

code delays to be looked for. On the other hand the Doppler 

frequency caused by the dynamics and the user clock 

inaccuracy is typically between ±10 kHz [1], divided into 

500 Hz bins, and thus resulting in 40 Doppler search bins. 

When combined this equals 81840 cells to be searched in 

the acquisition process. It is obvious that 80+ seconds is far 

too long for acquisition in consumer devices. So the 

Matched Filter (parallel acquisition) method is introduced to 

perform the acquisition. 

Radio Navigation
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Figure 2 Fundamental block diagram of a GNSS receiver [1]. 

Figure 3 Structure of Matched Filter based acquisition. 
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Actually, the architecture of Matched Filter is composed 

by a number of correlators and an accumulator. First the 

PRN code generator produces M PRN chips (1023 in GPS 

L1 [13]) and then the replica is held in a register static and 

multiplied with M chips of incoming data simultaneously. 

The M correlation results will then be summed by the 

accumulator and sent to the decision unit. This parallel 

acquisition is M times faster than the simple serial 

acquisition.  

The Matched Filter complexity increases with Galileo 

implementation. Since Galileo OS L1 PRN codes are 4092 

chips long [16], the needed Matched Filter size is 4 times 

bigger. In the decision unit the accumulated value will be 

compared with the acquisition threshold value. When the 

result from the accumulation is larger than the threshold, 

meaning that the satellite has been found, a control signal is 

asserted indicating successful acquisition. The delay and 

Doppler information of the signal are handed over to the 

tracking process.  

If the signal is not found the acquisition is continued with 

a different Doppler bin. After going through all possible 

bins and having no successful acquisition result, or after 

successful acquisition, the system will change the satellite 

that it is searching for.  

b) Tracking 

When the control signal sent by the Decision Unit is 

detected, the tracking system is activated. The Architecture 

of GPS L1 tracking is illustrated in Figure 5. The 

Numerically Controlled Oscillator (NCO) is working as a 

plant for replica carrier and code generation. The output 

speed of the NCOs can be controlled by the input. As 

mentioned in the acquisition process, the PRN code 

generator stops producing replica after generating all phases 

of a PRN code. In the tracking process, the code generator 

will start again to produce the PRN at the same phase as the 

incoming data. In order not to lose the acquired satellite, the 

carrier frequency and code phase should be kept locked.  

To improve the accuracy and performance of our tracking 

system, we use a quarter chip spacing shifter in the code-

shift register which produces three different phases of the 

replica GPS PRN code. In this way, the output frequency of 

code shifter is approximately 4 times that of the code 

generator. 

After code-shifter producing 3 different phases of replica 

(early, prompt, late), the replicas are fed to three correlators 

and multiplied with the incoming data whose carrier 

frequency has already been stripped off. The results from 

the correlators are passed onto accumulators and integrated 

together over a code epoch time. After correlation and 

accumulation, the peak value of the different phases can be 

compared. If the incoming data is misaligned with the 

replica, the direction and bias will be determined according 

to the comparison of these three peak values, and correction 

information will be sent back to carrier NCO and code NCO 

through Frequency Locked Loop and Delay Locked Loop. 

The new carrier frequency and code phase are adjusted to 

keep tracking the current incoming signal. 

To enhance the structure for Galileo OS L1 and future 

GPS L1 signals the number of correlators should be 

increased to five, at least [14]. This is because the composite 

BOC (CBOC) modulation scheme used in the new signals 

will have additional correlation peaks.  

C. Role of the Simulation Tools 

To proceed with the discrete testing of our blocks we had 

to simulate the baseband part, since the interfaces to the 

hardware implementation were not ready.  

As earlier work we had developed a Matlab/Simulink 

based tool for Galileo receiver simulation [15]. We 

remapped the functionality of this simulator to pure Matlab 

functions and added the GPS compatibility. The result was a 

post-processing tool for extraction of navigation data from 

raw records of satellite signals. By using this tool we 

bridged the RF output to navigation input thus enabling the 

development at navigation software side to be independent 

from the development on baseband hardware side. 

From the recorded data sets we managed to extract 

enough data for navigation by using the Matlab simulator 

tool. 

D. Implementing Navigation Algorithms 

The navigation algorithms have been implemented for 

Figure 4 Structure of a Matched Filter. 
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both Matlab and C-language. The Matlab program has a 

great potential for visualizing processed data and for this 

reason it has been chosen for the main program for 

simulations. At the same time the algorithm has been coded 

in C-language for the actual implementation on the target 

FPGA board processor. The final navigation software has 

been designed to act as an independent part in the receiver 

structure. One embedded processor will be completely 

dedicated for running the navigation software and a control 

software block is needed between the baseband unit and 

navigation SW to indicate when incoming data is valid. 

One major objective in the design has been in designing a 

well structured implementation that is able to provide 

accurate and robust user location estimates. Furthermore the 

computational burden has been an issue and many 

simplifications have been used in the source code. The 

structure of the navigation process is illustrated in Figure 6. 

When the navigation SW is getting valid data it begins to 

store the incoming data stream from different satellites into 

whole GPS data frames. For each incoming data bit it also 

associates a timestamp which indicates the arrival time of 

the corresponding data bit. The input data stream will also 

include information from PLLs and DLLs in order to 

construct pseudoranges in a later stage. 

The complete navigation data subframes must still 

undergo a parity check process to ensure the validity of the 

received data. In the very start of the navigation process 

when the power is turned on to the FPGA, the user location 

estimate and user clock must be initialized. User location is 

simply selected to be the center of earth. By default our 

FPGA platform does not have a real-time clock and all time 

information will be lost as the power is turned off. The 

receiver clock will thus be implemented as a simple counter 

and the initial value for our clock will be taken from the 

navigation data stream. Every subframe includes a Z-count, 

which gives us a coarse approximation of the current GPS 

time. The Z-count gives a clock value which will be within 

6 seconds from true GPS time [13]. The navigation 

algorithm will be able to solve the remaining time bias.  

The location estimate is derived from the ordinary set of 

functions which are based on ephemeris data. The result 

from this process will be the satellite locations and the 

corrected pseudoranges. The satellite locations will then be 

adjusted due to Sagnac effect, before the least-squares 

process begins. The least-squares method will iteratively 

solve four unknowns, the user x-, y- and z- location and 

clock bias [1].  

At this point the emphasis has been on solving the inverse 

of a matrix efficiently. The detailed equations are presented 

e.g. in [1]. As a result, two complementary solutions have 

been implemented. The first solution relies on forcing the 

matrix to be inverted into a symmetric positive definite 

(SPD) form. The process continues with taking a Cholesky 

decomposition of the matrix [11]. Then we can get the least-

squares solution with forward substitution method. With the 

Cholesky decomposition we completely evade the need of 

calculating the inverse of the original matrix, which 

improves the algorithm efficiency. On the other hand this 

suffers from the extra matrix multiplications which come 

from the SPD forcing. The second idea for matrix inverses 

has been to extend the original idea of Gaussian elimination 

for non-square matrices. In GPS navigation solution we 

usually have a non-square matrix. From the initial tests 

Cholesky decomposition method seems to solve the problem 

faster than extended Gaussian method. 

In addition to the user location and clock bias, at this 

point we can also get extra information like the satellite 

speeds and user speed, which can be used for further 

analysis and displaying information for the user. From the 

performed simulations, illustrated in Figure 7, it can be 

observed that the navigation solution has a variance of ~6 

meters, which corresponds well to the expected User 

Equivalent Range Error (UERE) of 6 meters for single 

frequency user equipment [1].  

To improve the quality of the estimations we employ 

Kalman filtering to the measurements. Usually Kalman 

filter is designed to have 5 states (user x-, y- and z- location, 

range bias error and range rate error), or 8 states (the 

previous ones plus user x-, y- and z- velocity) [11]. From 

the initial simulation results, illustrated in Figure 8, it can be 

observed that it is sufficient to design a filter which only has 

3 states (user location). This simplified model can clearly 

smooth the predicted location.  

The complexity of navigation does not increase with the 

Galileo system. The same ephemeris parameters are 

provided in the Galileo data and the fifth unknown for true 

GNSS, time offset between GPS and Galileo systems, is 

provided in the Galileo data. 

As the last state of navigation SW the navigation solution 

Figure 6 Structure of navigation process. 



must be converted into latitude, longitude and altitude 

format. After the conversion the results are encoded into 

NMEA format. These NMEA messages are then sent to the 

GUI of our design via serial port (RS-232). The GUI is 

implemented on a laptop PC. 

CONCLUSIONS

In this paper we presented the motivation and concept for 

a GNSS receiver reference design. We also presented our 

implementations, with current status. We presented the 

initial block-by-block functionality along the signal chain 

from antenna to the filtered navigation solution. We 

conclude that we have managed to gather all the pieces and 

now we only have to solve the puzzle, which remains as 

future work. Achieving real-time operation only requires the 

completion of the baseband HW on FPGA. In the future we 

will extend the working GPS receiver to work also with 

other satellite based navigation systems.  

The reference design will then serve as a valuable 

platform to experiment novel receiver baseband and 

navigation solution algorithms in real time. 
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Figure 7 XY-Scatter plot of the navigation results, without filtering. 

Crosses represent the discrete results, the point in the middle is the true 
location and the circle represents the 6 meter variance. 

Figure 8 XY-Scatter plot of the navigation results, filtered. Crosses 

represent the discrete results, the point in the middle is the true 
location and the circle represents the 6 meter variance. 
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Abstract—In this paper we present a satellite navigation 
application for a multiprocessor platform. We give a 
preliminary description to the multiprocessor platform with an 
introduction to the project where it will be designed and 
implemented to a fabric die. The platform contains a matrix of 
processing tiles, connected together via a Network-on-Chip. 
The satellite navigation application is one of the streaming 
applications designed to be executed on this platform. Detailed 
descriptions of the signal processing functions for acquiring 
and tracking the satellite signals for navigation are given. The 
estimations of their requirements for computational 
complexity, measured as multiply-accumulate counts, are also 
presented in this paper. The results indicate that one 
processing tile on the platform could barely perform the 
required signal processing functions and thus more tiles are 
preferred for a better user experience. This work is carried out 
in the EU FP7 project called CRISP (Cutting edge 
Reconfigurable ICs for Stream Processing). 

I. INTRODUCTION 
CRISP (Cutting edge Reconfigurable ICs for Stream 

Processing) is a project funded from European Union 7th 
Framework Program (EU FP7) funds. The CRISP 
consortium is a good mixture of industrial and academic 
know-how and competence. The consortium members are: 
Recore Systems (NL), University of Twente (NL), Atmel 
(DE), Thales Netherlands (NL), Tampere University of 
Technology (FI), and NXP (NL). 

The main objective of this project is to research the 
optimal utilization, efficient programming and dependability 
of a reconfigurable multiprocessor platform for streaming 
applications. During the project a General Stream Processor 
(GSP, not to be mixed with the GPS (NAVSTAR Global 
Positioning System)), a system with multiple cores, will be 
specified, designed and eventually implemented onto a 
single fabric die. This multi-core system will consist of a 
number of Tile Processors (TP), embedded memories and 
other dedicated blocks, connected via a Network-on-Chip 
(NoC). The manufactured die will be accompanied by a 

General Purpose Processor (GPP) die in a System-in-
Package (SiP). The processing tiles are reconfigurable. 

The project has four main themes. The Streaming 
Applications theme is about specification, implementation 
and integration of the streaming applications to the GSP. The 
streaming applications selected for the project for proof-of-
concept purposes are a beamforming application in 
electronically steered radar which is out of the scope of this 
paper, and a Global Navigation Satellite System (GNSS) 
application.  

The streaming applications are developed in parallel with 
the development of the multiprocessor platform. The goals 
for developing the streaming applications within the project 
are to obtain experience in the software development for 
reconfigurable multi-core systems; improve the design 
methodology for developing complete streaming 
applications; obtain realistic design specifications for the 
GSP; and use realistic streaming applications for evaluating 
project results. The other themes in the CRISP project are 
General Stream Processor (GSP), Run-time Mapping and 
Dependability. 

From a GNSS applications point of view the anticipated 
result of the whole project is to create a software navigation 
application running on the multi-core platform (General 
Stream Processor). Expected output of the application is a 
real-time PVT (Position, Velocity and Time) solution. The 
application should take full advantage of the available 
computational resources. To our knowledge the GNSS 
receiver application running on multiple cores is novel. 
Examples of implementations of parts of the GNSS/GPS 
receiver functionality to reconfigurable machines can be 
found in literature, e.g. in [1] and [2].  

This paper is divided to the following sections. The 
planned CRISP platform is described in Section II, where we 
discuss the components of the system. Since the specification 
work of the multiprocessor platform has not been finalized 
we cannot give detailed information about the platform. In 
this paper our focus is in the description of the GNSS 
application and what it demands from the platform. The 

This research is conducted within the FP7 Cutting edge Reconfigurable 
ICs for Stream Processing (CRISP) project (ICT-215881) supported by the 
European Commission. 
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functions of the GNSS application are described in Section 
III and their computational complexity is estimated in 
Section IV. The mapping of GNSS functionality to the 
CRISP platform is given in Section V. After that the 
conclusions with the direction of our future work follows. 

II. CRISP PLATFORM 
In this section we describe the planned CRISP platform. 

The information about the platform is preliminary at the time 
of writing. 

A.  GSP + GPP 
The CRISP platform will be a combination of an off-the-

shelf General Purpose Processor and a General Stream 
Processor. The GSP is a reconfigurable matrix of a number 
of Montium Tile Processors, memories and dedicated I/Os. 
The detailed architecture nor the amount of the TPs in the 
platform are not finalized at the time of writing and thus no 
more detailed information can be given here.  

The off-the-shelf GPP is provided by Atmel, one of the 
consortium members. The selection of the GPP has not been 
finalized, but it will belong to the Atmel’s AVR processor 
product families. 

B. Montium Tile Processor 
The Montium Tile Processor is developed by Recore 

Systems (NL), one of the consortium members and the 
leader of the project. It is a programmable architecture that 
has significantly lower energy consumption than DSPs for 
fixed-point digital signal processing algorithms [3]. 

The Montium TP is illustrated in Figure 1. The 
architecture of the Montium TP consists of 5 processing 
units, accompanied with 10 parallel memories to meet the 
high demand of memory bandwidth of the parallel units. The 
datapath width of the core and memory are customizable at 
design-time [3], [4]. The processing units, or Arithmetic 
Logic Units (ALUs), can compute both signed integer and 
signed fixed-point values. One ALU can perform one 
multiplication and accumulation operation (MAC) in one 
clock cycle [4]. One MAC can be expressed mathematically 
as a+ b*c = d, where a, b, and c are input values and d is an 
output value.  

Since there are five parallel ALUs, the Montium can 
perform 5 MACs per clock cycle, and if the processor is 
clocked, e.g., at 200MHz the computational performance of 
the TP is theoretically 1GMAC/second. 

C. NoC 
The matrix of Montium TPs, memories and dedicated 

I/Os are connected together by a Network-on-Chip. The data 
between tiles is planned to be transmitted with packet 
switched approach. The specification of the NoC is not 
finalized at the time of the writing, but will be based on work 
from University of Twente (NL) and Tampere University of 
Technology (FI) [5], [13]. 

III. GNSS APPLICATION 
In this Section we describe the GNSS application. 

Shortly, the GNSS application receives signals from multiple 
satellites and uses dedicated methods for extracting data 
from the received signal. After that the data, combined with 
the timing information is used to compute the pseudoranges 
between the user and a number of satellites. With four or 
more measured pseudoranges (ρi), and known satellite 
locations (xi, yi, zi), the user’s position (xu, yu, zu) and clock 
bias (bu) between the receiver and the system can be 
computed by the following equation: 

 
 

(1) 

Besides position the GNSS application can also solve the 
user’s velocity and time. Usually the “output” of the GNSS 
application is called as PVT solution, standing for Position, 
Velocity and Time.  

A. Global Navigation Satellite Systems 
Most of the GNSS satellites in the space belong to the 

American NAVSTAR Global Positioning System (GPS). For 
a long time GPS has been the only functional GNSS. During 
last few years the European Galileo system has been rising to 
compete with the GPS and complement the GNSS. Galileo 
will reach the full operational capability by 2013. There are 
other systems, partially existing GLONASS from Russia and 
the planned Chinese Compass/Beidou system, but the GPS 
and Galileo are the only ones with agreed interoperation and 
common transmission frequencies. Figure 2. shows the 
common frequencies between GPS and Galileo in both L5 
(centered at 1176.45MHz) and L1 (1575.42MHz) frequency 
bands [6], [7].  

In the CRISP project our focus is to specify, implement 
and integrate the GNSS application, supporting the GPS and 
Galileo L1 signals. The L1 is selected since it is the only 
frequency band with guaranteed existence of signals at 

Figure 1.  Montium Tile Processor. [3] 



CRISP project timeframes. The interface specifications for 
new systems are not fixed but still changing, and thus they 
are one of the main drivers for programmable receiver 
implementations. 

B. Functions of the GNSS Application 
The input for the GNSS Application is the digital signal 

stream coming from the radio front end, where the L1 signal 
is amplified, filtered, down-converted to intermediate 
frequency (IF) and then digitalized. A Typical rate for such a 
digital signal stream could be 1-bit data with 16.367 MHz 
sampling rate and IF around 4 MHz [8].  

In usual case the user has no knowledge about the 
incoming signal; the sources (each satellite has a unique 
transmission sequence), delays, and Doppler shifts are all 
unknown. The signal is also totally buried under noise. For 
these reasons specialized functions are needed to find, and 
keep track of the satellite signals. These receiver baseband 
processes are called acquisition and tracking and due to their 
requirements for computations they are traditionally 
implemented as hardware [10]. 

The programmable platform baseband implementation 
allows the receiver algorithms to be tuned to meet the 
surrounding signal environment better. E.g. the tracking can 
be optimized either for accuracy when the signal is good or 
for robustness when the signal is weak. 

 

1) Acquisition 
The function of the acquisition is to find and identify the 

satellite signals from the received stream. The outputs of the 
acquisition are satellite ID, phase/delay and Doppler 
frequency information of the signal, which are used to start 
the tracking at the correct point. The acquisition is usually 
needed only in the initialization phase (i.e. finding satellites), 
but in case of high dynamics (acceleration), bad signal 
environment (multipath presence, urban canyons, indoors) or 
other disturbance (noise, interference) it can be applied to 
perform re-acquisition for the lost signals.  

Acquisition, as well as tracking, is based on the 
autocorrelation function (ACF) properties of a finite length 
binary sequence. Each satellite has a unique, finite length 
pseudorandom number (PRN) code, which identifies it. The 
main parameters of GNSS L1 PRN codes are presented in 
TABLE I. When a replica PRN with the right delay and 
frequency is generated in the user’s receiver, the ACF 
achieves a peak value, whereas the correlation result will be 
low-amplitude noise in other cases. Acquisition can be done 
in serial (PRN multiplied chip by chip) or parallel (whole 
epoch is multiplied at once) mode [9].  

One way to perform the parallel acquisition is to use Fast 
Fourier Transform. A Block diagram of FFT-based code 
acquisition is presented in Figure 3. The advantage of this 
acquisition method is that to cover the full search space for 
one satellite, only 41 frequency domain searches are needed 
(when Doppler is ±10kHz and search bin space is 500Hz) 
[9]. 

TABLE I.  GNSS L1 PRN PARAMETERS 

GNSS L1 PRN code parameters [6], [7] 
Parameter GPS Galileo 

PRN size (chips) 1023 4092 

PRN frequency (MHz) 1.023 1.023 

Epoch time (ms) 1 4 

Modulation BPSK CBOC 

 

Unlike other methods, the FFT reveals all code delays at 
once in one PRN code epoch time. The incoming signal is 
multiplied with the locally generated IF carrier (includes 
Doppler). The resulting complex value is fed to FFT of 
which output is multiplied with the complex conjugate of the 
FFT of the locally generated PRN code. The multiplication 
result is then fed to an inverse FFT and the result of that is 
squared. The squaring result is the autocorrelation function 
of the acquisition process, having the maximum peak at the 
position indicating true code delay (if the Doppler and 
satellite ID were correct). The acquisition is compatible with 
both GPS and Galileo. Galileo only needs larger FFTs due to 
longer PRN codes and different modulation. GPS uses 
Binary Phase-Shift Keying (BPSK) [7], and according to the 
newest specification [6] Composite Binary Offset Carrier 
(CBOC) modulation will be used for Galileo. 

Figure 2.  Galileo and GPS frequency plan. [6] 

Figure 3.  FFT Acquisition process. 



2) Tracking 
The function of the tracking is to follow the received 

signal phase by replicating it as accurately as possible and 
using feedback loops to steer the replication. The typical 
GPS tracking process, with three correlators, is illustrated in 
Figure 4. First the incoming signal is multiplied with the 
locally generated IF carrier, which is generated by the carrier 
plant. The heart of the plant is a Numerically Controlled 
Oscillator (NCO). After this carrier wipe-off process the 
resulting baseband signal is correlated with several versions 
of the local PRN replica.  

The PRN replica is also generated by a NCO and code 
generator/memory. The early, prompt and late versions of 
the correlation are usually steered so that he maximum peak 
of the ACF is found at the prompt phase. The correlation 
results are integrated and the discriminator functions are used 
to compute the feedback, which are filtered before steering 
the plants. The tracking process is similar in Galileo case, 
only the minimum number of code correlation fingers is five, 
since the ACF of CBOC modulated code has side peaks on 
both sides of the main ACF peak and the extra fingers can be 
used to remove the ambiguities [11].  

When tracking is locked, the receiver can demodulate the 
navigation data out of the incoming stream. The navigation 
data is having a low rate, 50 Hz for GPS and 250 Hz for 
Galileo [6], [7].The sign of the integration result over a data 
symbol period is one navigation data bit. The outputs of 
tracking are navigation data and pseudoranges computed 
from the timing information inside the tracking channels 
(NCO phases). For each satellite one tracking channel is 
needed. Since at least four satellites are needed to solve the 
users position and clock bias, the number of tracking 
channels should be four or preferably much greater. [9], [10] 

3) PVT computation 
The PVT solution process collects and timestamps the 

navigation data which is extracted from the input data stream 
by the tracking channels. The data integrity is checked and 
ephemeris parameters collected. According to [6], four types 
of data must be received for positioning:  

• Ephemeris which are needed to indicate the 
position of the satellite  

• Time and clock correction parameters which are 
needed to compute pseudo-ranges  

• Service parameters which are needed to identify 
the set of navigation data, satellites, and 

indicators of the signal health  

• Almanac which are needed to indicate the 
position of all the satellites in the constellation 
with a reduced accuracy  

The detailed equations how to solve the PVT solution are 
out of the scope of this paper and they can be found e.g. in 
[9] and [10]. The PVT computation is planned to be 
implemented on the GPP of the CRISP platform. The GPP 
should be powerful enough to execute the PVT computation 
in real-time with a reasonable update rate (e.g. 1 Hz). 

IV. ESTIMATING THE APPLICATION COMPLEXITY 
In this section we estimate the computational complexity 

of the GNSS application core functions; acquisition and 
tracking. We use the number of MAC operations as a 
baseline for our estimations.  

A. Acquisition estimates 
For acquisition complexity estimations we divided the 

process to subprocesses. For each subprocess we estimated a 
MAC count as a function of the FFT size (marked as Nfft) 
over one frequency search bin. E.g. for carrier wipe-off the 
NCO is one MAC and two MACs are required for in-phase 
and quadrature phase multiplications, totaling 3 MAC 
operations for the subprocess. The estimated MAC figures 
for acquisition subprocesses are given in TABLE II. The 
generation of local PRN, its FFT and complex conjugate can 
be neglected in estimations since they are generated only 
once in the beginning of each new satellite search. 

For the size of FFT (Nfft) we used 16K (214) for GPS and 
64K (216) for Galileo, reflecting the number of discrete 
samples over one PRN epoch with sampling rate of 16.367 
MHz, rounded up to the closest power of two value. The 
sampling rate is taken from an existing front end [8] capable 
to process both GPS and Galileo signals. In literature the 
computational complexity of radix-2 FFT is estimated with 
Nfft*log2(Nfft) [12]. In Montium the FFTs are implemented as 
radix-2 Decimation-in-Time FFTs. There the number of 
complex butterfly units is (Nfft/2)*log2(Nfft). Per complex 
butterfly, 4 real multiplications are required and thus we used 
2*Nfft*log2(Nfft) to estimate the FFT complexity. 

TABLE II.  MAC COUNTS FOR ACQUISITION PROCESS 

Estimations over one frequency search bin  

Sub process MACs GPS Galileo  

Carrier wipe-off 3*Nfft 49,152 196,608 

FFT (incoming signal)  2*Nfft*log2(Nfft) 458,752 2,097,152 

Complex multiplication 4*Nfft 65,536 262,144 

Inverse FFT 2*Nfft*log2(Nfft) 458,752 2,097,152 

Squaring 2*Nfft 32,768 131,072 

TOTAL  1,064,960 4,784,128 Figure 4.  Typical GPS tracking process. 



The total values reported in the table estimate the MAC 
operations for one acquisition frequency search bin, to cover 
full frequency space (41 bins) in one second, 43.66 MMAC/s 
for GPS and 196.15 MMAC/s for Galileo are needed. 

B. Tracking estimates 
The tracking process was also divided to subprocesses. 

Unlike parallel FFT acquisition the tracking is a serial 
process. We estimated the MAC operation counts per sample 
in tracking. The estimations are given in TABLE III. The 
NCOs were estimated as 1 MAC/sample, and carrier wipe-
off as 2 MAC/sample since the incoming signal is multiplied 
with in-phase and quadrature phase replica carrier resulting 
in I and Q branches for baseband processing. The variable 
Ncorrelators represents the number of correlation fingers, which 
is in GPS case 3 and in Galileo 5. 

To meet the real-time requirements of the signal tracking 
the TP should be able to perform computations over 16.367 
Mega samples in second, this yields 163.67 MMAC/s for 
GPS and 229.14 MMAC/s for Galileo. These figures 
represent the requirements for one tracking channel. The 
computation of discriminators and feedback happens at rates 
between 1 kHz to datasymbol rates, which are 50 Hz for 
GPS and 250 Hz for Galileo and thus they add only a few 
kMAC/s to these counts.  

TABLE III.  MAC COUNTS FOR TRACKING PROCESS 

Estimations per sample  

Sub process MAC/sample GPS Galileo  

Carrier plant (NCO) 1 1 1 

Carrier wipe-off  2 2 2 

Code plant (NCO) 1 1 1 

Correlation & Integration 2*Ncorrelators 6 10 

TOTAL  10 14 

V. MAPPING THE APPLICATION TO THE PLATFORM 
The figures and numbers given in the previous section 

are only estimates of computational power needed for 
executing the acquisition and tracking parts of our GNSS 
application on CRISP GSP. We sum up these estimations in 
TABLE IV. We assume the Montium TP running at 200 
MHz, and thus having 1 GMAC/s computational 
performance. The estimations indicate that we could 
implement either 22 parallel acquisition processes for GPS, 5 
acquisitions for Galileo, 6 tracking channels for GPS or 4 for 
Galileo in a single TP. In a real situation the resources are 
divided between processes, i.e. we could have four GPS 
acquisitions and tracking channels in one TP. The results 
also indicate that theoretically we could perform the 
baseband processes of GNSS application with only one 
Montium TP, but more TPs for execution of the acquisition 
and tracking are preferred for a better user experience. A 
four-channel receiver will not be sufficient for constant, 
reliable positioning of the user device. 

The reduction of MAC/s counts is also possible by 
decimating the input signal, for acquisition purposes we 
could live with sampling rates around 4 to 8 MHz. Another 
motivation for signal decimation is the memory available in 
the Montium TP. The maximum size of the FFT is limited by 
the size of the memories. The earlier integrations of 
Montium TP are reported to have memories with a size of 
1024 addresses [13]. So, if we want to implement large FFTs 
the memory size needs to be increased or the FFT 
functionality needs to be distributed over several Montium 
TPs. 

GNSS application requirements for the NoC are quite 
low in the output end, if we close the feedback loops inside a 
single TP; we only need to forward the low rate navigation 
data and pseudoranges to the GPP. The more critical is the 
real-time requirement of the input signal. It can be alleviated 
by grouping several input bits into a single NoC packet. 
Thus, this application does not stress the network very much. 

TABLE IV.  TP RESOURCE USAGE 

Montium TP at 200 MHz, 1 GMAC/s  

Process Usage 
(MMAC/s) 

Usage of 
TP (%) 

Max 
number of 
processes 

per TP 

Acquisition (GPS) 43.66 4.4 22 

Acquisition (Galileo) 196.15 19.6 5 

Tracking (GPS) 163.67 16.4 6 

Tracking (Galileo) 229.14 22.9 4 

VI. CONCLUSIONS 
In this paper we introduced the CRISP project and 

consortium, presented the outline for the CRISP platform 
and gave detailed information about the GNSS application. 
We describe the processes for acquisition and tracking. The 
computational complexity of these GNSS application’s core 
functions is also given. The results indicate that a single 
Montium TP is barely capable to execute the required 
acquisition and tracking processes, but having several tiles 
available will improve the user experience. The 
programmable receiver implementation allows faster 
adaption of new signal specifications. 

VII. FUTURE WORK 
In future we will follow closely the finalization of the 

CRISP GSP and NoC specifications and we will start doing 
the implementations for the functions of GNSS application. 
Our intention is to report the implementation phase, followed 
by the application integration to the fabric die as the CRISP 
project proceeds. 
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1. Introduction

Global navigation has been a challenge to mankind for
centuries. However, in the modern world it has become
easier with the help from Global Satellite Navigation Systems
(GNSSs). NAVSTAR Global Positioning System (GPS) [1]
has been the most famous implementation of GNSS and
the only fully operational system available for civilian users,
although this situation is changing.

Galileo [2] is emerging as a competitor and complement
for GPS, as they both are satellite navigation systems based on
Code Division Multiple Access (CDMA) techniques. CDMA
is a technique that allows multiple transmitters to use same
carrier simultaneously by multiplying pseudorandom noise
(PRN) codes to the transmitted signal. The PRN code rate
is higher than data symbol rate which divides the energy of
a data symbol to a wider bandwidth. The used PRN codes
are unique to each transmitter and thus transmitter can be
identified in reception when received signal is correlated with
a replica of the used PRN code.

The Russian GLONASS system, originally based on
Frequency Division Multiple Access (FDMA), is adding a

CDMA feature to the system with GLONASS-K satellites
[3]. China has also shown interest in implementing its
own system, called Compass, during the following decade
[4]. The GPS modernization program [5] introduces addi-
tional signals with new codes and modulation. Realiza-
tion of the new navigation systems and modernization of
GPS produce updates and upgrades to system specifica-
tions.

Besides changing specifications, GNSS is also facing chal-
lenges from an environmental point of view. The resulting
multipath effects make it more difficult to determine exact
signal timing crucial for navigation algorithms. Research
around multipath mitigation algorithms is active since
accurate navigation capability in environments with heavy
multipaths is desired. Among interference issues multipath
mitigation is also one of the biggest drivers for the introduc-
tion of new GNSS signal modulations.

Designing a true GNSS receiver is not a trivial task. A true
GNSS receiver should be reconfigurable and flexible in design
so that the posibilities of new specifications and algorithms
can be exploited, and the price should be low enough to
enable mass market penetration.

mailto:heikki.hurskainen@tut.fi
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2. GNSS Principles and Challenges

2.1. Navigation and Signal Processing. Navigation can be
performed when four or more satellites are visible to
the receiver. The pseudoranges from receiver to satellites
and navigation data (containing ephemeris parameters) are
needed [1, 6, 7].

When pseudoranges (ρ) are measured by the receiver,
they can be used to solve unknowns, the users location
(x, y, z)u and clock bias bu with known positions of satellites
(x, y, z)i. The relation between pseudorange, satellite posi-
tion, and user position is illustrated in

ρi =
√

(xi − xu)2 + (yi − yu)2 + (zi − zu)2 + bu. (1)

The transmitted signal contains low rate navigation
data (50 Hz for GPS Standard Positioning Service (SPS)),
repeating PRN code sequence (1023 chips at 1.023 MHz for
GPS SPS) and a high rate carrier (GPS SPS is transmitted at
L1 band which is centered at 1575.42 MHz) [1]. For Galileo
E1 Open Service (OS) and future GPS L1C it also contains
a Multiplexed Binary Offset Carrier (MBOC) modulation
[8, 9]. These signal components are illustrated in Figure 1.

The signal processing for GNSS can be divided into
analog and digital parts. Since the carrier frequencies of the
GNSS are high (>1 GHz) it is impossible to perform digital
signal processing on it. In the analog part of the receiver,
which is called the radio front-end, the received signal is
amplified, filtered, downconverted, and finally quantized and
sampled to digital format.

The digital signal processing part (i.e., baseband process-
ing) has two major tasks. First, the Doppler frequencies and
code phases of the satellites need to be acquired. The details
of the acquisition process are well explained in literature, for
example, [1, 7]. There are a number of ways to implement
acquisition, with parallel methods being faster than serial
ones, but at the cost of consuming more resources. The
parallel methods can be applied either as convolution in the
time domain (matched filters) or as multiplication in the
frequency domain (using FFT and IFFT).

Second, after successful acquisition the signals found
are being tracked. In tracking, the frequency and phase of
the receiver are continously fine-tuned to keep receiving
the acquired signals. Also, the GNSS data is demodulated
and the precise timing is formed from the signal phase
measurements. A detailed description of the tracking process
can be found, for example, in [1, 7]. The principles for data
demodulation are also illustrated in Figure 1.

2.2. Design Challenges of GNSS. The environment we are
living in is constantly changing in topographic, geometric,
economic, and political ways. These changes are driving the
GNSS evolution.

Besides new systems (e.g., Galileo, Compass), the existing
ones (i.e., GPS, GLONASS) are being modernized. This
leads to constantly evolving field of specifications which
may increase the frustration and uncertainty among receiver
designers and manufacturers.

The signal spectrum of future GNSS signals is growing
with the new systems. Currently the GPS L1 (centered at
1575.42 MHz) is the only commercially exploited GNSS
frequency band. Galileo systems E1 OS signal will be sharing
the same band. Another common band of future GPS and
Galileo signals will be centered at 1176.45 MHz (GPS L5 and
Galileo E5a).

The GPS modernization program is also activating the
L2 frequency band (centered at 1227.60 MHz) to civilian
use by implementing L2C (L2 Civil) signal [10]. This band
has already been assigned for navigation use, but only for
authorized users via GPS Precise Positioning Service (PPS)
[1].

To improve the signal code tracking and multipath
performance new Binary Offset Carrier (BOC) modulation
was originally introduced as baseline for Galileo and modern
GPS L1 signal development [11]. The later agreement
between European and US GNSS authorities further spec-
ified the usage of Multiplexed BOC (MBOC) modulation
in both systems. In MBOC modulation two different binary
subcarriers are added to the signal, either as time multiplexed
mode (TMBOC), or summed together with predefined
weighting factors as Composite BOC (CBOC) [8, 9, 12].

Like any other wireless communication, satellite naviga-
tion also suffers from multipaths in environments prone to
such (e.g., urban canyons, indoors). The problem caused by
multipaths is even bigger in navigation than in communi-
cation since precise timing also needs to be resolved. The
field of multipath mitigation is actively researched and new
algorithms and architectures are presented frequently, for
example, in [13–15].

Besides GNSS there are also other wireless commu-
nication technologies that are developing rapidly and the
direction of development is driven towards multipurpose
low cost receivers (user handsets) with enhanced capabilities
[16].

3. Overview of SDR GNSS Architectures

In this section we present three architectures for Software-
Defined Radio (SDR) GNSS receiver. A simplified definition
of SDR is given in [17]. “Radio in which some or all of the
physical layer functions are software defined.”

The root SDR architecture was presented in [18]. Figure 2
illustrates an example of GNSS receiver functions mapped
on to this canonical architecture. Only the reception part of
the architecture is presented since current GNSS receivers are
not transmitting. Radio Frequency (RF) conversion handles
the signal processing before digitalization. The Intermediate
Frequency (IF) processing block transfers the frequency of
the received signal from IF to baseband and may also take
care of Doppler removal in GNSS. The baseband processing
segment handles the accurate timing and demodulation, thus
enabling the construction of the navigation data bits. The
division into IF and baseband sections can vary depending
on the chosen solution since the complex envelope of the
received signal can be handled in baseband also. Desired
navigation output (Position, Velocity, and Time (PVT)) is
solved in the last steps of the GNSS receiver chain.
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Current state-of-the-art mass market receivers are based
on a chipset or single-chip receiver [19]. The chipset or
single-chip receiver is usually implemented as an Applica-
tion Specific Integrated Circuit (ASIC). ASICs have high
Nonrecurring Engineering (NRE) costs, but when produced
in high volumes they have very low price per unit. ASICs
can also be optimized for small size and to have small
power consumption. Both of these features are desired in
handheld, battery operated devices. On the other hand,
ASICs are fixed solutions and impossible to reconfigure.
Modifications in design are also very expensive to realize with
ASIC technology.

This approach has proven to be successful in mass market
receivers because of price and power consumption advan-
tages although it may not hold its position with growing
demand for flexibility and shortened time to market.

3.1. Hardware Accelerated SDR Receiver Architecture. The
first SDR receiver architecture discussed in this paper is the
approach where the most demanding parts of the receiver are
implemented on a reconfigurable hardware platform, usually
in the form of a Field Programmable Gate Array (FPGA)
progammed with a Hardware Description Language (HDL).
This architecture, comprised of radio front-end circuit,
reconfigurable baseband hardware, and navigation software
is well known and presented in numerous publications, for
example, [16, 20–22]. FPGAs have proved to be suitable
for performing GNSS signal processing functions [23]. The
building blocks for hardware accelerated SDR receivers are
illustrated in Figure 3.

In this architecture the RF conversion is performed by
analog radio. The last step of the conversion transforms
the signal from analog to digital format. IF processing
and baseband functionalities are performed in accelerating
hardware. The source, PVT for the GNSS case, is constructed
in navigation processing.

The big advantage for reconfigurable FPGAs in compar-
ison to ASIC technologies is the savings in design, NRE and
mask costs due to shorter development cycle. The risk is also
smaller with FPGAs, since the possible bugs in design can
be fixed by upgrades later on. On the other hand FPGAs are
much higher in unit price and power consumption.

A true GNSS Receiver poses some implementation
challenges. The specifications are designed to be compatible
(i.e., systems do not interfere with each other too much)
and the true interoperability is reached at receiver level. One
example of interoperative design challenges is the selection
of the number of correlators and their spacing for tracking,
since different modulations have different requirements for
the correlator structure.

3.1.1. Challenges with Radio Front End. Although the focus
of this paper is mainly on baseband functions, the radio
should not be forgotten. The block diagram for a GNSS
single frequency radio front end is given on the left-hand
side of Figure 3. In the radio the received signal is first
amplified with the Low Noise Amplifier (LNA) and then after
necessary filtering it is downconverted to low IF, for example,
to 4 MHz [24]. The signal is converted to a digital format
after downconversion.
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The challenges for GNSS radio design come from the
increasing amount of frequency bands. To call a receiver a
true GNSS receiver and also to get the best performance,
more than one frequency band should be processed by the
radio front-end. Dual- and/or multifrequency receivers are
likely choices for future receivers, and thus it is important to
study potential architectures [25].

Another challenge comes from the increased bandwidth
of new signals. With increased bandwidth the radio becomes
more vulnerable to interference. For mass market consumer
products, the radio design should also meet certain price
and power consumption requirements. Only solutions with
reasonable price and power consumption will survive.

3.1.2. Baseband Processing. The fundamental signal process-
ing for GNSS was presented in Figure 1. The carrier and
code removal processes are illustrated in more detail in
Figure 4. The incoming signal is divided into in-phase and
quadrature-phase components by multiplying it with the
locally generated sine and cosine waves. Both phases are
then correlated in identical branches with several closely
delayed versions (for GPS; early, prompt, and late), of the
locally generated PRN code [1]. Results are then integrated
and fed to discriminator computation and feedback filter.
Numerically Controlled Oscillators (NCOs) are used to steer
the local replicas.

An example of the different needs for new GNSS
signals is the addition of 2 correlator fingers (bump-
jumping algorithm) due to Galileo BOC modulation [26].
In Figure 4 additional correlator components needed for
Galileo tracking are marked with darker shade. In most
parts the GPS and Galileo signals in L1 band are using
the same components. The main difference is that due
to the BOC family modulation Galileo needs additional
correlators; it is very-early (VE) and very-late (VL) to remove
the uncertainty of main peak location estimation [27]. The
increasing number of correlators is related to the increase
in complexity, measured by the number of transistors in the
final design [13].

The level of hardware acceleration depends on the
selected algorithms. Acquisition is rarely needed compared
to tracking and thus it is more suitable for software imple-
mentation. FFT-based algorithms are more desirable for
designer to implement in software since hardware languages
are usually lacking direct support for floating-point number
calculus. Tracking on the other hand is a process containing
mostly multiplication and accumulation using relatively
small word lengths. The thing that makes it more suitable
for hardware implementation is that the number of these
relatively simple computations is high, with a real-time
deadline.

3.2. Ideal SDR GNSS Receiver Architecture. The ideal SDR
is characterized by assigning all functions after the analog
radio to a single processor [18]. In the ideal case all hardware
problems are turned to software problems.

A fundamental block diagram of a software receiver is
illustrated in Figure 5 [28]. The architecture of the radio
front-end is the same that was illustrated in Figure 3. After
radio the digitized signals are fed to buffers for software
usage. Then all of the digital signal processing, acquisition,
and tracking functions are performed by software.

In the literature, for example, [28, 29], the justification
and reasoning for SDR GNSS is strongly attributed to the
well-known Moores law which states that the capacity of
integrated circuits is doubling every 18–24 months [30].
Ideal SDR solutions should become feasible if and when
available processing power increases. Currently reported
SDR GPS receiver implementations are working in realtime
only if the clock speed of the processor is from 900 MHz [31]
to 3 GHz [29], which is too high for mobile devices but not,
for example, a laptop PC.

In the recent years, the availability of GNSS radio front
ends with USB has improved, making the implementa-
tion of a pure software receiver on a PC platform quite
straightforward. The area where pure software receivers have
already made a breakthrough is postprocessing applications.
Postprocessing with software receivers allows fast algorithm
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Figure 5: Software receiver architecture. On left-hand side: analog radio part, and on right-hand side: baseband and navigation implemented
as software running on a GPP.

prototyping and signal analysis. Typical postprocessing
applications are ionospheric monitoring, geodetic applica-
tions, and other scientific applications [21, 32].

Software is definitely more flexible than hardware when
compared in terms of time to market, bill of materials, and
reconfigurable implementation. But with a required clock
frequency of around 1 GHz or more, the generated heat and
battery life will be an issue for small handheld devices.

3.3. SDR with Multiple Cores. What about having an array of
reconfigurable cores for baseband processing? In a multicore
architecture baseband processing is divided among multiple
processing cores. This reduces the clock frequency needed
to a range achievable by embedded devices and provides an
increased level of parallelism which also eases the work load
per processing unit.

An example of the GNSS receiver architecture with
reconfigurable baseband approach is illustrated in Figure 6.
In this example one of the four cores is acting as an
acquisition engine and the remaining three are performing
the tracking functions. A fixed set of cores is not desirable
since the need for acquisition and tracking varies over time.
For example, when receiver is turned on, all cores should be

performing acquisition to guarantee the fastest possible Time
To First Fix (TTFF). After satellites have been found more of
the acquisition cores are moved to the tracking task.

If (and when) manufactured in large volumes the
(properly scaled) array of processing cores can be eventually
implemented in an ASIC circuit. This lowers the per unit
price and makes this solution more appealing for mass
markets, while still being reconfigurable and having high
degree of flexibility.

In the next section we present one future realization of
this architecture.

4. CRISP Platform

Cutting edge Reconfigurable ICs for Stream Processing
(CRISP) [33] is a project in the Framework Programme
7 (FP7) of the European Union (EU). The objectives of
the CRISP are to research the optimal utilization, effi-
cient programming, and dependability of a reconfigurable
multiprocessor platform for streaming applications. The
CRISP consortium is a good mixture of academic and
industrial know-how with partners; Recore (NL), University
of Twente (NL), Atmel (DE), Thales Netherlands (NL),
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Tampere University of Technology (FI), and NXP (NL). The
three-year project started in the beginning at 2008.

The reconfigurable CRISP platform, also called General
Streaming Processor (GSP), designed and implemented
within the project, will consist of two separate devices:
General Purpose Device (GPD) and Reconfigurable Fabric
Device (RFD). The GPD contains off-the-shelf General
Purpose Processor (GPP) with memories and peripheral
connections whereas the RFD consists of 9 reconfigurable
cores. The array of reconfigurable cores is illustrated in
Figure 7 [34], with “R” depicting a router.

The reconfigurable cores are Montium cores (it was
recently decided to use Xentium processing tile as Recon-
figurable Core in the CRISP GSP. The Xentium has at
least similar performance to the Montium (with respect to
cycle count), but is designed for better programmability
(e.g., hardware supporting optimal software pipelining)).
Montium [35] is a reconfigurable processing core. It has
five Arithmetic and Logical Units (ALUs), each having two
memories, resulting in total of 10 internal memories. The
cores communicate via a Network-on-Chip (NoC) which
includes two global memories. The device interfaces to other
devices and outer world via standard interfaces.

Within the CRISP project the GNSS receiver is one of
the two applications designed for proof of concept for the
platform. The other is a radar beamforming application
which has much higher demands on computation than a
standalone GNSS receiver.

4.1. Specifying the GNSS Receiver for the Multicore Platform.
In the CRISP project our intention is to specify, implement,
and integrate a GNSS receiver application supporting GPS
and Galileo L1 Open Service (OS) signals on the multicore
platform. In this case, the restriction for L1 band usage comes
from the selected radio [24], but in principle the multicore
approach can be extended to multifrequency receivers if a
suitable radio front-end is used.

4.1.1. Requirements for Tile Processor. The requirements
of GNSS L1 application have been studied in [36]. The

Table 1: Estimation of GNSS baseband process complexity for
Montium Tile Processor running at 200 MHz, max performance of
1 GMAC/s [36].

Process Usage (MMAC/s) Usage of TP (%)

Acquisition (GPS) 43.66 4.4

Acquisition (Galileo) 196.15 19.6

Tracking (GPS) 163.67 16.4

Tracking (Galileo) 229.14 22.9

results, restated in Table 1, indicated that a single Montium
core running at 200 MHz clock speed is barely capable of
executing the minimum required amount of acquisition and
tracking processes. This analysis did not take into account
the processing power needed for baseband to navigation
handover nor navigation processing itself. With this it is
evident that an array of cores (more than one) is needed
for GNSS L1 purposes. The estimations given in Table 1 are
based on reported [35] performance of the Montium core.
The acquisition figures are computed for a search speed of
one satellite per second and the tracking figures are for a
single channel.

The results presented in Table 1 reflect the complexity
of the processes when the input stream is sampled at
16.368 MHz, which is the output frequency of the selected
radio front end for CRISP platform [24]. This is approxi-
mately 16 times the navigation signal fundamental frequency
of 1.023 MHz.

The GNSS application can also be used with a lower rate
input stream without a significant loss in application perfor-
mance. For this paper, we analyzed the effect of the input
stream decimation to the complexity of the main baseband
processes. The other parameters, such as acquisition time
and number of frequency bins for acquisition and number
of active correlators per channel for tracking, remained the
same as in [36].

Figures 8 and 9 illustrate the effect of decimation by
factors 1, 2, 4, 8, and 16 to the utilization of the Montium Tile
processor. Decimation factor 1 equates to the case where no
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decimation is applied, that is, results shown in Table 1. The
presented figures show how the complexity of both processes,
measured as Montium Tile Processor utilization percentage,
decreases exponentially as decimation factor increases. The
behavior is the same for GPS and Galileo signals, except that
utilization with Galileo signals is a bit larger than with GPS
in all studied cases.

To ease the computational load of the Tile Processor the
decimation of the input stream seems to be a feasible choice.
The amount of decimation should be sufficient to effect
meaningful savings in TP utilization without significantly
degrading performance of the application. For the current
GPS SPS signal, decimation by factor 4 (4.092 MHz) is
feasible without significant loss in receiver performance.
Factor of 8 (2.046 MHz) is equal to the Nyqvist rate for
1.023 MHz, which is the PRN code rate used in GSP SPS
signal.

In the Galileo case, decimation factor 4 is the maximum
decimation factor. This is because with a sampling frequency
of approximately 4 MHz the BOC(1,1) component of the
Galileo E1 OS signal can be still received with a maximum
loss of only −0.9 dB, when compared with the reception of
the whole MBOC bandwidth [12]. (This applies also to the
modern GPS L1C signals, but they are not specified in our
application [36].)

Table 2: Estimation of GNSS baseband process complexity with
decimated (by factor 4) input stream. Montium Tile Processor
running at 200 MHz, max performance of 1 GMAC/s.

Process Usage (MMAC/s) Usage of TP (%)

Acquisition (GPS) 9.57 0.96

Acquisition (Galileo) 43.66 4.37

Tracking (GPS) 40.92 4.09

Tracking (Galileo) 57.28 5.73

In the ideal case the decimation of the input stream
should be changing with the receiver mode (GPS/Galileo).
Since in CRISP the decimation of the radio stream will be
implemented as hardware in FPGA, which is connecting the
radio to the parallel interface of the final CRISP prototype
platform, the run time configuration of the decimation factor
is not feasible. For this reason, in the rest of the paper we will
focus on the scenario where fixed decimation factor of 4 is
used, resulting in a stream sample rate of 4.092 MHz.

Table 2 shows baseband complexity estimation for the
case when input stream is decimated by a factor of four.
When it is compared to the original figures of complexity
shown in Table 2, it can be seen that the utilization of TP
is over four times smaller.
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Figure 8: Acquisition process utilization of Montium Tile Processor
resources as a function of the decimation factor of the input stream.

2 4

GPS
Galileo

Input stream decimation factor

6 8 1210 14 16
0

5

10

M
on

ti
u

m
 t

ile
 p

ro
ce

ss
or

 u
ti

liz
at

io
n

 (
%

)

15

20

25

Figure 9: Tracking process utilization of Montium Tile Processor
resources as a function of the decimation factor of the input stream.

4.1.2. Requirements for the Network-on-Chip. To analyze the
multicore GNSS receiver application we built a functional
software receiver with the C++ language, running on a PC.
The detailed analysis of the software receiver will be given in
substantial paper [37].

In our SW receiver each process was implemented as a
software thread. With approximating one process per core
this approach enabled us to estimate the link payload by
logging communication between the threads.

We estimated a scenario where one core was allocated
to perform acquisition and six cores were mapped for the
tracking process. This scenario is illustrated in Figure 7. Dig-
itized RF front-end data is input to the NoC via an interface.
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Figure 10: Link payloads for GPS acquisition process (a) and
average payload of GPS tracking processes (b).

A specific chip interface is used to connect the RFD to the
GPD, and it is used to forward channel data (channel phase
measurement data related to pseudorange measurements,
and navigation data) to the GPD. The Selected mapping
is a compromise between minimal operative setup (one
acquisition and four tracking) and the needs of dependability
testing processes, where individual cores may be taken offline
for testing purposes.

The scenario was simulated with a prerecorded set of
real GPS signals. Since signal sources for Galileo navigation
were not available, the Galileo case was not tested. The
link payloads caused by the cores communicating while the
software was running for 5 seconds is illustrated in Figure 10.

The results show that, in GPS mode, our GNSS appli-
cation causes a payload for each link/processing core with a
constant baseline of 4096 Bytes/millisecond. This is caused
by the radio front-end input, that is, the incoming signal.
In this scenario we used real GPS front end data which was
sampled at 4.092 MHz, each byte representing one sample.
This sampling rate is also equal to the potential decimation
scenario discussed earlier.

With a higher sampling rate the link payload baseline will
be raised, but on the other hand one byte can be preprocessed
to contain more than one sample, decreasing the traffic
caused by radio front-end input.

The first peak in the upper part of Figure 8 is caused
by the acquisition process output. When GNSS application
starts, FFT-based acquisition is started and the results are
ready after 60 milliseconds, which are then transmitted to
tracking channels. This peak is also the largest individual
payload event caused by the GNSS application.

After a short initialization period the tracking processes
start to produce channel output. An Average of simulated
GPS tracking link/processing core payloads is illustrated
in Figure 10(b). Every 20 milliseconds a navigation data
symbol (data rate is 50 Hz in GPS) is transmitted and once
a second higher transmission peak is caused by the loop
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phase measurement data, which is transmitted to GPD for
pseudorange estimation.

In Galileo mode, the payload caused by incoming signal
will be equal since the same radio input will be used for
both GPS and Galileo. However, the transmission of data
symbols will cause a bigger payload since data rate of Galileo
E1 signals is 250 symbols per second [8]. Galileo phase
measurement rate will remain the same as in GPS mode.

From the results it is seen that the link payload caused by
the incoming RF signal is the largest one in both operating
modes, and if the link payload needs to be optimized the
reduction of it is the first thing to be studied. The results also
indicate that when GNSS application is running smoothly
the link payloads caused by it are predictable.

Note that this estimation does not contain any over-
heads caused by network protocol or any other data than
navigation related (dependability, real-time mapping of the
processes). These issues will be studied in our future work.

4.2. Open Issues. Besides the additional network load caused
by other than the GNSS application itself, there are also
some other issues that remain open. There may be challenges
in designing software for a multicore environment. Power
consumption as well as the final bill of materials (BOMs),
(i.e., final price of the multicore product) remains an open
issue at the time of this writing. In future these issues will
be studied and suitable optimizations performed after the
prototyping and proof of concepts have been completed
successfully.

5. Conclusions

In this paper we discussed three Software-Defined Radio
(SDR) architectures for a Global Navigation Satellite System
(GNSS) receiver. The usage of flexible architectures in
GNSS receiver was justified with the need for implementing
support for upcoming navigation systems and new algo-
rithms developed, and especially for multipath mitigation.
The hardware accelerated SDR architecture is quite close
to the current mass market solutions. There the ASIC is
replaced with a reconfigurable piece of hardware, usually an
FPGA. The second architecture, ideal (or pure) SDR receiver
is using a single processor to realize all necessary signal
processing functions. Real-time receivers remain a challenge,
but postprocessing applications are already taking advantage
of this architecture.

The third architecture, SDR with multiple cores, is a
novel approach for GNSS receivers. This approach benefits
in both having high degree of flexibility, and when properly
designed and scaled, a reasonably low unit price in high
volume production. In this paper we also presented the
CRISP project where such a multicore architecture will
be realized along with the analysis of GNSS application
requirements for the multicore platform.

We extended the previously published analysis of pro-
cessing tile utilization to cover the effect of input stream
decimation. Decimation by factor four seems to offer a
good compromise between core utilization and application
performance.

We implemented a software GNSS receiver with processes
implemented as threads and used that to analyze the GNSS
application communication payload for individual links.
This analysis indicated that the incoming signal represents
the largest part of the communication in the network
between processing cores.
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ABSTRACT
GRAMMAR (EC FP7) is a project aiming to deliver IP
for future Galileo mass market receivers. One of the out-
comes of this project will be an advanced Galileo receiver
prototype. In this paper we present the research for finding
the optimal dual frequency option for a Galileo mass mar-
ket receiver. We discuss the impact of multiple frequencies
on baseband algorithms and the implementation issues of
a dual-frequency baseband. From the analysis results, we
draw the following conclusions: E1/E5a combination is the
optimal dual-frequency solution for Galileo; a common dual-
frequency baseband architecture with flexible channels seems
to be the best implementation approach for a Galileo E1/E5a
dual-frequency receiver.

1. INTRODUCTION

Galileo Ready Advanced Mass MArket Receiver (GRAM-
MAR), is a 2-year project focusing on advanced Galileo re-
ceiver technology for mass market segment. The consortium
is comprised of the German Aerospace Center (DLR), which
is the coordinator, ACORDE, which is a Spanish radio fre-
quency (RF) design SME, and Tampere University of Tech-
nology from Finland.

GRAMMAR aims to boost the Galileo downstream in-
dustry by taking the effort to provide IP for future Galileo
mass market receivers. One of the project outcomes will be an
advanced Galileo mass market receiver prototype. This pro-
totype can receive multiple frequencies extending the work of
GRAMMAR beyond state-of-the-art single frequency mass
market receivers.

Currently, only high-end professional receivers exploit
multiple frequencies. While additional complexity and power
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consumption is uncritical for this receiver segment, the benefit
is increased accuracy due to ionospheric delay error correc-
tion, better multipath and interference resilience, and larger
signal bandwidth.

GRAMMAR aims at transferring the multiple-frequency
technology from high-end receivers to mass market receivers
while providing the benefits but solving the complexity and
power consumption issues.

2. FUTURE GALILEO FREQUENCY BANDS

The Galileo system will operate at four frequency bands; E5a,
E5b, E6 and E1 bands. Bands are illustrated in Figure 1. As
seen in Figure 1, there are two bands shared between Galileo
and Global Positioning System (GPS), E5a/L5 and E1/L1.

Since the E6 band does not offer open service (OS) signals
[1], it is not considered as alternative for Galileo mass market
receivers. This leaves three dual Galileo frequency options to
be studied;

• E1/E5a (overlapping with GPS signals),

• E1/E5b, and

• E1/E5 (E5a and E5b signals are part of the E5 signal in
its full bandwidth).

The signal characteristics for applicable Galileo OS sig-
nals are listed in Table 1.

2.1. Interference issues

Two types of interference are present in a multi-frequency re-
ceiver; inter-system interference caused by other system’s sig-
nals (e.g. Galileo/GPS) and intra-system interference caused
by signals from same system (e.g. Galileo E1/E5).

Regarding the intra-system interference, the most critical
case is when we select a common baseband architecture for
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Table 1. Signal characteristics for Galileo OS signals [1].
Band fcarr [MHz] BW [MHz] Code length Rate [chips/ms] Modulation type

E1 1575.420 24.552 4092 1023 CBOC
E5 1191.795 51.150 N/A 10230 AltBOC(15,10) of E5a & E5b
E5a 1176.450 20.460 10230 10230 BPSK
E5b 1207.140 20.460 10230 10230 BPSK

Fig. 1. Future Galileo and GPS Frequency Plan [1]

both frequencies: in this situation, both signals (e.g. E1/E5a,
etc) are down-converted to the same low intermediate fre-
quency (IF); the interference level is determined in a great
measure by the modulation combinations. In order to mea-
sure the amount of interference between two signals, a typical
measure is the spectral separation coefficient (SSC) [2], [3].
SSC between two signals within a complex finite bandwidth
BW is defined similar to [3], as:

SSC =
∫ BW/2

−BW/2

PSD1(f)PSD2(f)df (1)

Where PSD1 and PSD2 are the normalized power spec-
tral densities of the 2 interfering signals (if PSD1 = PSD2,
then we have self interference). The normalization is done in
such a way that

∫ ∞
−∞ PSDi(f)df = 1, i = 1, 2.

The expressions for PSDs for binary phase-shift keying
(BPSK), multiplexed binary offset carrier (MBOC) and alter-
native BOC (AltBOC)-modulated signals can be found in [3],
[4], and [5]. The lower the SSC is, the better spectral separa-
tion is between the signals.

The SSC values for different signal combinations, assum-
ing that they all have been down-converted to baseband, are
shown in Table 2. The SSC values with E5 signal are rather
low at low BW only because the signal main lobes are not
captured in the considered bandwidth. From Table 2, we can
see that the SSC of E1, E5a and E5b self-interference vary
very little or at all with the increase of bandwidth above 13
MHz. We also notice that the SSC is about 20 dB better be-
tween E1 and E5 than between E1 and E5a (or between E1
and E5b).

This means, that from the point of view of intra-system

interference, it might be more advantageous to use E1/E5
combination. However, the drawback is the need of a much
higher receiver bandwidth and sampling frequencies. There-
fore more complex baseband processing is required and thus,
more power is consumed. The gain in terms of interference is
probably not enough to justify the loss in terms of power con-
sumption. Moreover, since in a 51.15 MHz bandwidth for E5
signal there is only about 73% of the signal power (as it will
be shown later on in this paper), we also expect a degradation
of acquisition and tracking performances for E5 signals.

The self-interference level is comparable for E5a/E5b and
E5 signals. From the interference point of view, the least
amount of interference seems to be given by the E1/E5b com-
bination.

3. RECEIVER BASEBAND ALGORITHMS

The fundamental satellite navigation receiver contains three
domains; analog signal processing, digital signal processing,
and navigation [6], [7]. Analog signal processing refers to the
radio part, in this paper we assume two radios to be used in
dual frequency receiver, one for each frequency. Studies for
dual frequency radio front-ends are available in literature, e.g.
in [8] and [9], but the detailed analysis of multi-frequency is-
sues in the radio domain is out of the scope of this paper. The
important characteristic of radio is how the analog to digi-
tal conversion is handled. The sampling frequency affects the
quality of received signals as discussed in the next subsection.

After analog to digital conversion the digital signal pro-
cessing, a.k.a. baseband processing, takes place. The main
functions in the baseband are to find the signals totally buried
in noise and when found, keep the synchronization between
receiver and signal to demodulate the low rate navigation data
and to measure pseudoranges. The first function is called as
acquisition and the latter as tracking.

The last functional domain of the receiver is navigation,
where the receiver’s Position, Velocity and Time (PVT) is es-
timated. The computation is using multi-lateration methods
based on the measured distances between receiver and satel-
lites (pseudoranges) and known locations of satellites.

3.1. Sampling frequency effects

The signal modulation defines the minimum required band-
width for certain power containment. The power containment

262



Table 2. Spectral separation coefficients (SSC) between different combinations of signals (including self-interference) for
Galileo signals and different receiver bandwidths BW; in dB-Hz

BW [MHz] E1/E1 E1/E5a and E1/E5b E1/E5 E5a/E5a and E5b/E5b E5/E5

13 -65.85 -81.07 -115.53 -92.10 -150.62
20.46 -65.85 -81.05 -111.05 -92.07 -118.11

24.552 -65.85 -81.05 -108.32 -92.06 -109.15
26 -65.85 -81.05 -107.87 -92.06 -106.79

51.15 -65.85 -81.05 -101.31 -92.05 -97.73

is the percentage of the signal power contained within a cer-
tain bandwidth and it is directly related to the demodulation
and tracking properties of the signal. For instance, the smaller
the bandwidth needed for a certain power containment, the
better the bandwidth efficiency that can be achieved. More
details can be found, e.g. in [3]. The power containment for
3 different bandwidths and for E1 and E5/E5a/E5b signals
is shown in Table 3. The first 2 double-sided bandwidths of
13 MHz and 26 MHz, respectively, are selected according to
common GSM crystal frequencies [10]. The third BW used
here is the recommended bandwidth in [1].

Clearly, with proposed sampling frequencies the E1/E5
combination is not feasible, because there will be not enough
signal energy captured in the processed bandwidth. Only
13.05% of the signal power is contained within 26 MHz
double-sided bandwidth. The other 2 combinations, namely
E1/E5a and E1/E5b, are feasible with both 13 MHz and 26
MHz sampling frequencies.

Table 3. Power containment (in percentage) per bandwidth
BW [MHz] E1 E5a/E5b E5

13 92.88% 85.66% 0.08%
26 96.11% 91.10% 13.05%

BW from SIS-ICD [1] 96.04% 90.28% 73.32%

The power containment factor versus bandwidths is il-
lustrated in Figure 2. The minimum bandwidth requirement
(double-sided bandwidth) for a power containment of at least
90% are 12.1 MHz (E1), 17.4 MHz (E5a/E5b), and 156.6
MHz (E5). This is equal with the minimum sampling fre-
quency needed for at least 90 % power containment.

3.2. Impact on Acquisition

Following factors are dominating the acquisition stage for
multi-frequency receiver. As shown in Table 1 multi-frequency
signals have different spreading codes, with different lengths
and speed rates, and also different modulation types.

The modulation types affect the shape of the correla-
tion functions. An example is shown in Figure 3, for the
ideal envelope of the auto-correlation function (ACF) for E1,
E5a/E5b and E5 signals. The more ambiguities (i.e., deep
fades) in the ACF envelope are present, the more difficult
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Fig. 2. Power containment versus bandwidth for Galileo.

(i.e., complex) is the acquisition process. From this point of
view, the E5a/E5b signals are the easiest to acquire, while the
E5 signals are the most complex. The complexity also de-
pends on the primary code length: the higher the code length,
the more complex the acquisition process becomes. From
this point of view, E1 signals are the simplest to acquire, and
E5a, E5b and E5 signals have the same code lengths.

By analogy with the GPS case, where a step of 0.5 chips
(GPS L1 signal’s chip rate is 1023 chips/ms, so this approxi-
mates 489 ns) is used in acquisition process [7], it follows that
a good rule of thumb about setting the step of the time bin hy-
potheses in the acquisition process (when ambiguous acqui-
sition methods are used) might be to take this step equal to a
quarter of the main lobe width of the ACF envelope. Based
on Figure 3, we can easily compute that a minimum step of
0.175 chips (171 ns) is needed to acquire E1 signal (with clas-
sical ambiguous methods), a minimum step of 0.5 chips (49
ns) is needed for E5a and E5b signals, and a minimum step of
0.0833 chips (8 ns) is needed for E5 signal.

The number of timing hypotheses per frequency bin, for
a full time search (i.e., unassisted acquisition) is equal to the
primary code length divided by the minimum time-bin step.
This number is illustrated in Table 4. Based on this exam-
ple, signals E1 and E5a/E5b have similar complexity in the
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Fig. 3. Normalized envelope of the ACF for the 3 modulation
types used in OS Galileo: CBOC (E1 signal), BPSK (E5a and
E5b signals) and AltBOC(15,10)(E5 signal).

acquisition process (at least when ambiguous or classical ac-
quisition is employed), while the E5 signal is about 5 times
more complex to be acquired. A detailed explanation of am-
biguous and unambiguous acquisition methods can be found
in [11].

To ease the processing needed acquisition information
from E1 band signal can be used for acquiring signals from
E5 band also, since the E1 and E5 signals are synchronized
in transmission.

Table 4. Number of timing hypotheses per frequency bin in
the acquisition process for Galileo OS signals.

E1 E5a and E5b E5

23383 20460 122810

3.3. Impact to Tracking

From the point of view of tracking process, the following is-
sues have an impact on the tracking complexity; The sampling
frequency, which is the highest when a combination based on
E5 is used as was discussed earlier. The number of correlators
in the tracking channel, since the number of needed correlator
is modulation dependent. For example, if multiple gate delay
(MGD) [12] structures are to be used, the optimal parameters,
such as weighting factors and number of gates depend on the
modulation type.

Tracking is based on usage of locked loops for signal
delay (DLL), phase (PLL), and frequency (FLL). The band-
width of the loops is depending on the modulation. Thus,
a multi-frequency receiver needs re-configurable loops for
multi-frequency reception.

From the point of view of multipath mitigation, E1/E5 are
separated by roughly 350 MHz, which means that we have
more likely some independent amplitudes and phases of mul-
tipath components. Moreover, E5 signals with larger band-
width and different modulation types may provide better mul-
tipath resistance than E1 signals, therefore, from multipath
point of view, E1/E5 combination might prove the best alter-
native.

From the point of view of coherent data integration, the
coherent integration length in non-pilot channels is limited
by the presence of data bits. Since in E5a, the navigation
data rate is 50 bps and in E5b the navigation data rate is 250
bps, it follows that E5a is better than E5b from the point of
coherent integration (larger coherent integration can be made
with smaller data navigation rate).

3.4. Comparison of various dual-frequency variants

Table 5 summarize all the advantages and disadvantages of
various dual-frequency combinations, as discussed above. In
this Table, a ’+’ stands fr the best variant among the 3 pos-
sibilities (if 2 variants have identical performance, then both
appear with ’+’ sign) and a ’-’ sign stands for the other vari-
ants. Clearly, from this table (by choosing the variant with the
maximum number of ’+’s), the best dual-frequency choice is
E1/E5a combination.

Table 5. Comparison of dual-frequency variants according to
various criteria.

Criterion E1/E5a E1/E5b E1/E5

acq. time + + -
intra-syst. interf - - +
inter-syst. interf - + -
power containm. + + -
coh. integr. + - -
multipath mitig. - - +
best compatibility + - -
with GPS

4. DUAL FREQUENCY BASEBAND
IMPLEMENTATION ISSUES

4.1. Dual frequency baseband architectures

Two options for multi-frequency baseband architecture for fu-
ture mass market receivers are foreseen; either using a com-
mon baseband for all received frequencies or a dual/multi
baseband option with merging signals at navigation layer.
These architectures are illustrated in Figures 4(a) and 4(b).

In the dual single-frequency baseband architecture (Fig-
ure 4(a)) each selected frequency band has its own baseband
hardware. With this approach the baseband can be tailored
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(a) Dual single-frequency basebands

(b) Common dual-frequency baseband

Fig. 4. Dual-frequency architectures. RF refers to received
signal, IF to down-converted digital signal stream (radio out-
put) and ρ to pseudorange measurement.

for the selected frequency band. On the other hand the num-
ber of dedicated baseband channels to each frequency is fixed.
Thus, resources may be wasted if the available satellite sce-
nario is not transmitting good signals in all frequencies ,i.e.,
some channels remain unused.

In this architecture the baseband units need to be synchro-
nized. This makes it possible to forward the acquisition infor-
mation, i.e., estimates of code delays and Doppler frequen-
cies, from one band to another. Both baseband units are tak-
ing input from the RF front end dedicated to that frequency.

The common dual-frequency baseband architecture (Fig-
ure 4(b)) is more flexible with different scenarios. Since the
same baseband is capable of processing both bands it can
adapt to surrounding signal environment much better. To al-
low the reception of two radio IF outputs to a single base-
band the IF signals should be synchronized at sample level
(i.e. synchronized sampling).

The baseband is containing a dedicated acquisition en-
gine; an entity that seeks satellite signals from received noise.
Baseband is also containing a number of flexible tracking
channels. When channel is synchronized with incoming sig-
nal, i.e., tracking is locked, the tracking channel can extract
navigation data out of received stream and also perform mea-
surements to estimate the pseudorange.

4.2. Input signal management

In architecture illustrated in Figure 4(b), the IF output from
two radios needs to be inserted to a single baseband. Our
implementation approach for inserting dual radio signal to a
single flexible tracking channel is illustrated in Figure 5. A

Multiplexer (MUX) is used, the type of input is selected (Sel)
by the software controller. One must take a note that this
implementation assumes the sampling rates of two inputs to
be synchronized.

Fig. 5. Implementation detail for radio source selection. IF
refers to digital IF signal stream and ρ to a single channel
pseudorange data output.

4.3. Acquisition implementation

Basically, only E1/L1 needs to implemented since this infor-
mation can be used for E5a/L5 delay and Doppler estimation.
E1 signal acquisition is more feasible for implementation due
it’s lower code speed. This decision will also decrease the
complexity of the final baseband design.

4.4. Tracking implementation

As mentioned, baseband contain number of tracking chan-
nels, each capable of processing one signal at time. A generic
overview of a flexible tracking channel is given in Figure 6.
Each channel consists of a set of blocks that are reusable for
different signals/frequencies, such as numerically controlled
oscillators (NCOs), correlators, accumulators, and another set
that are frequency/signal specific, e.g., local sub-carrier and
code sources.

Three main sub-processes can be identified on the sig-
nal chain through tracking channel. In the carrier wipe-off
process the IF and Doppler frequencies are removed from re-
ceived IF signal. The frequency of local copy of IF signal is
software controllable via Numerically Controlled Oscillator
(NCO).

In the next process the received signal’s sub-carrier (mod-
ulation) is removed by correlating it with local copy. The
source for local sub-carrier is selected with a MUX, which
is also controlled by the receiver software. In code wipeoff
(or correlation) the incoming signal is correlated with several
versions of local copy of the PRN code with different delays.
Again, the source of the PRN (memory codes for E1 and code
generator for E5a [1]) is selectable via MUX. The correlation
results are accumulated (integrated) over a predefined period
of time. Integration time depends on the PRN code length,
speed rate and requirements set for the receiver sensitivity.

Besides that the flexible tracking channel approach is
capable of processing signals from two frequency bands, it
can be also utilized to multi-system reception. Galileo and
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Fig. 6. Structure for a generic flexible tracking channel.

GPS signals have same fundamental structure in shared bands
(E1/L1 and E5a/L5), so Galileo tracking channel can be used
for GPS with replacing local modulation and PRN genera-
tion. This would mean an additional input to the MUXes
presented in Figure 6.

5. CONCLUSION

From the presented work, it can be seen that the E1/E5 com-
bination is much more complex than E1/E5a or E1/E5b com-
bination. Because the focus is on mass-market receivers, we
believe E1/E5 combination is not a viable solution for mass-
market dual-frequency receiver. The other two possible com-
binations, namely E1/E5a and E1/E5b have similar character-
istics in terms of acquisition, tracking and interference level
(with small differences regarding coherent integrations and
the inter-system interference). The E1/E5a combination has
the additional property that it overlaps exactly with GPS fre-
quency band L1 and L5. This property confers the advantage
of an easier integrability of a joint Galileo/GPS receiver. Be-
ing taken all the discussed criteria into account, we believe
that E1/E5a combination is the best dual-frequency solution
for Galileo mass-market receiver.

In terms of our recommendation for preferred baseband
architecture, a common dual-frequency baseband architecture
with flexible channels (decision making implemented by soft-
ware) seems to be the best option. This approach would also
maximize the re-usability, thus minimizing the cost, of base-
band hardware components.
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