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During last 10 years, the GNSS 
panorama has changed rap-
idly, bringing new pressure on 
product designers and system 

developers to adopt new approaches to 
their efforts. Let’s take a look at some of 
these changes.  

In the consumer mass market, low-
cost GPS terminals and car naviga-
tion systems are widely available, and 
their integration on “smart-phones” is 
mature. 

For commercial and institutional 
applications, however, some issues are 
still on the table. In particular, institu-
tional users are asking for GNSS solu-
tions that offer high configurability, 
reliability, precision, service guarantees, 
authentication, security, and anti-jam-
ming — and, by definition, the availabil-
ity of open and standard solutions. 

High-accuracy terminals or other 
GNSS equipment with demanding 
requirements are often based on pro-
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prietary and expensive solutions. At 
the same time, in some countries high-
accuracy GNSS augmentation services 
are the exclusive initiatives of a single 
private provider or local public agen-
cy. 

Meanwhile, standards and regula-
tions are changing for almost every 
application. Therefore, in the near future 
a user terminal should be expected to 
support numerous standards and pro-
tocols. Furthermore, today’s technologi-
cally skilled GNSS user is always asking 
for more advanced solutions in terms of 
accuracy — just as evolving demands for 
mobile communications required ever 
more bandwidth. 

Systems and services are converging. 
Information and communication tech-
nologies (ICT)  are ever more frequently 
providing integrated hardware/software 
solutions for navigation and communi-
cations. Integration of GNSS with iner-
tial sensors, communication systems 
(e.g., WiFi) and assisted (AGNSS) solu-
tions are, of course, essential for pro-
viding higher continuity of service in a 
range of indoor situations. 

In the near future, guaranteed and 
augmented solutions (in terms of preci-
sion and integrity) will be necessary not 
only for geodetic and surveying applica-
tions, but also for mass market applica-

tions such as advanced driver assistance 
systems (e.g., automatic lane keeping). 
figure 1 illustrates some of these near-
term applications.

Backward compatibility with respect 
to legacy systems also has to be assured 
for a real exploitation of institutional 
market. An example of such an applica-
tion is introduction of GNSS/RFID tech-
nology for implementing well-consoli-
dated customs operational procedures 
and regulations. However, that applica-
tion will require a complete and trans-
parent integration of new freight “loca-
tion” reporting systems within existing 
tracking systems. 

Introducing a new “black box” sys-
tem for this purpose (despite its efficien-
cy), leading to a complete revolution for 
institutional freight tracking, will not be 
accepted by the institutional customer. 
Similar considerations appear in con-
sidering the application of innovative 
high-accuracy technologies in cadastral 
surveying operations. 

The availability of new GNSS con-
stellations and multi-frequency solutions 
(e.g., TCAR, three carrier ambiguity res-
olution) will change the scenario within 
a few years, leading to the need for quick 
front-end and firmware upgrades in 
GNSS receivers. New long-range real-
time kinematic (RTK) solutions are also 

coming, based on innovative ionospheric 
modelling.

In this technological and business 
environment, embedded systems offer 
a near-future path to providing tightly 
integrated navigation and communica-
tion solutions with low-cost, accurate, 
portable, and highly reconfigurable 
receivers. 

A concurrent technological advance, 
GNSS software receivers (referred to 
hereinafter as SDR, for software defined 
radio), will allow developers to provide 
code/phase solutions and the process-
ing of signals from satellite-based aug-
mentation systems (SBAS) and regional 
GNSS reference networks in an open 
environment. 

Furthermore, through a suitably flex-
ible front-end, adapting SDR solutions to 
emerging navigation constellations will 
be easily implemented.  This approach 
seems like an ideal solution for institu-
tional applications.

A side effect of the development 
of such solutions may be the ability to 
implement low-cost GNSS SDR-based 
augmentation networks, overcoming the 
usual problems related to high installa-
tion costs and the need for continual 
firmware upgrades.

This article will describe the activi-
ties of Sogei, in cooperation with the 
University of Tor Vergata in Rome, to 
develop an open SDR GNSS receiver for 
such applications.

Sogei	R&D	activities
Sogei is an Italian company owned by 
the Ministry of Economy and Finance of 
Italy charged with developing ICT solu-
tions for national institutions. Among 
other responsibilities, Sogei manages 
the Italian system for updating cadastral 
maps as well as the information system 
of for Italian Customs. 

To support such missions, Sogei is 
continuously carrying out extensive 
R&D activities on GNSS state-of-the-art 
solutions. In 2007, Sogei signed a collab-
oration agreement with the University 
of Tor Vergata, as part of its Master of 
Science degree program in “Advanced 
Communications and Navigation Satel-
lite Systems” (MasterSpazio). The main 

Governmental
Fleets

Mapping
Surveying

3G-4G
A-GNSS

Customs

Alarm

Indoor
Pseudolite

Wi-Fi

Reti GNSS

RTK

WARTK

SDR GNSS

SDR GNSS SDR GNSS

SDR GNSS

SDR GNSS

FIGURE 1  Future GNSS Applications Scenario

a	Soft	touch



www.insidegnss.com   f a l l  2 0 0 8 	 InsideGNSS	 35

	

topic of this agreement is the R&D on 
innovative GNSS SDR and Augmenta-
tion solutions. 

R&D activities are focusing on two 
reference applications: cadastral sur-
veying and mapping that requires high 
accuracy (< 10 centimeters), reliable RTK 
and static GNSS solutions, and integra-
tion with topographic sensors (see the 
sidebar article, “Building a GNSS Refer-
ence Network.”); and customs operations 
such as freight tracing and tracking, 
anti-fraud, and risk management, that 
require medium accuracy (two-three 
meters), high reliability, service guar-
antees, and anti-jamming capability.

Platform	architecture	and	
Results
Development of Sogei’s GNSS SDR plat-
form has been carried out using a pop-
ular simulation, modelling, and design 
software suite for rapid prototyping. 
Furthermore, we avoided any reliance 
on proprietary libraries and integrated 
our own C-code modules within the 
platform. Following this approach, our 
development platform is based on a bi-
processor workstation, equipped with 
Windows OS, commercial software 
packages as well as free C compilers. 
Concerning hardware implementation 
and high performances, we are testing 
our code on an advanced DSP/FPGA 
SDR development platform.

The architecture is based on the fol-
lowing components:
• An RF signal GNSS simulator able to 

generate RF GPS signal (C/A and P 
codes) and Galileo E1 BOC(1,1); the 
simulator is used only to validate and 
test algorithms (see figure 2)

• A GNSS data sampler: a simple, com-
mercial superetherodyne front-end 
with a receive bandwidth of 2.2 MHz 
and an IF output of 4.13 MHz that 
allows us to acquire signals from 
GPS, GIOVE-A, the European Geo-
stationary Navigation Overlay Ser-
vice (EGNOS), and the U.S. Wide 
Area Augmentation System (WAAS). 
For this purpose, we used one of the 
first developed commercial GNSS 
front-ends and are now acquiring 
new hardware for such purposes. 

• a signal acquisition software compo-
nent that acquires GNSS signals at IF 
through parallel search and roughly 
estimates C/A-code beginning and 
Doppler shift

• another software component that 
performs GNSS signal tracking 
with classical delay-locked loops 
and phase-locked loops developed 
via software for code and carrier 
tracking and a frequency-locked 
loop implemented for calculating 
the Doppler shift

• Positioning software that calculates 
pseudoranges through the most 
advanced algorithms suitable for 
SDR implementation: no absolute 
time reference available in digitized 
data, only relative measurements 
among satellites, and finally position 
calculation. (For further discussion 
of these topics, see the articles by J. 
Tsui and K. Borre et alia in the Addi-
tional Resources section near the end 
of this article.) 

Design,	Developments	hints
Developing a GNSS SDR platform implies 
continuous design choices in order to 
find the best trade-off between perfor-
mance and computational efficiency.

Concerning the acquisition phase, 
the bottleneck is, of course, the fast 
Fourier transform (FFT) calculation 
for implementing the parallel search. 
To achieve this goal, we developed and 

integrated an efficient FFT and inverse 
FFT algorithm into the platform.

Synchronization of data between 
the acquisition phase and the tracking 
phase is also a relevant issue, in particu-
lar for real-time implementations. In our 
platform, the tracking phase is the most 
important aspect in regards to the com-
putational load. We made a particular 
effort to achieve the maximum reduc-
tion of wasted processing time in order 
to start the tracking of each satellite 
quickly after the corresponding signal 
acquisition is completed and data are 
passed to the tracking phase.

Selection of the delay locked loop 
(DLL) discriminator curve also affects 
tracking efficiency. Here, developers 
need to evaluate the trade-off between 
performance and computational load in 
detail. For Galileo tracking, we followed 
a dedicated procedure to overcome the 
well-known problem of convergence 
of the DLL to unstable points, due to 
the discriminator curve behavior for 
BOC(1,1). 

The basic driver is to exploit as much 
as possible the similarity between the 
classic autocorrelation function (ACF) 
of the GPS C/A code and the one related 
to BOC(1,1) and to reduce at minimum 
the discriminator computational load. 
Other efficient procedure algorithms are 
under study.

Of course, the use as much as pos-
sible of the precalculated tabled data 
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instead of running software procedures 
(having a high computational processing 
load) is mandatory for real-time achieve-
ments. Tabled data are, apart from sine 
and cosine functions, C/A code samples 
and relevant “early” and “late” samples 
to be used respectively in the acquisi-
tion phase for code generation and in 
the tracking phase for DLL implemen-
tation.

Sogei’s SDR platform is currently 
running for testing purposes on portable 
PCs and desktop computers equipped 
with the needed suitable RAM and HD 
sizing, on which the GNSS data sampler, 
its patch antenna, and the SDR software 
are installed. We are working on imple-
mentations for digital signal processors 
(DSPs) and field programmable gate 
arrays (FPGAs).

The use of computer-aided tools 
allows fast design and prototyping, but 
in moving from the design to the imple-
mentation phase, classical development 
problems rise. This is particularly true if 
commercial SDR development environ-
ments are used. 

The most relevant considerations for 
open GNSS developers are:
• Availability of low-cost processors 

with real-time operation systems 
(RTOSs) equipped with all relevant 

hardware application programming 
interfaces (APIs) and drivers. All such 
costs together amount to about three 
or four time the cost of the needed 
hardware for SDR implementation.

• Availability of FPGA/DSP drivers
• Dependence on proprietary libraries 

implementing the interface between 
the prototyping environment and 
the hardware to be used. Toward this 
goal, Sogei used as much as possible 
open RTOS and developments inde-
pendent from external libraries. 

GNSS	SDR	results
The SDR platform performs nominally 
during the signal acquisition phase. 
After GNSS signal-in-space data acqui-
sition and proce ssing, the platform 
is able to carry out track signals from 
GPS, EGNOS, WAAS, and GIOVE-
A, as shown in figure 3. In the bottom 
graphs of the figure, note the two lateral 
autocorrelation peaks for GIOVE-A, as 
foreseen by the theoretical signal speci-
fications for the binary offset carrier 
(BOC) signal modulation. Recently, we 
also performed GIOVE-B acquisition 
using our platform.

Our SDR receiver was able to track 
GPS and GIOVE-A and to decode the 
relevant navigation data. The following 

discussion elabo-
rates on results from 
a test campaign with 
our receiver. 

At the beginning 
of 2007, after check-
ing for GIOVE-A 
v isibi l it y at our 
latitudes, several 
minutes of signal 
data were acquired, 
recording different 
sessions through 
t he SDR test ing 
env i ron ment  i n 
open-sky condi-
tions. figure 4 shows 
the data recorded 
from a GPS satellite 
for carrier phase 
(left-side graphs) 
and code. It shows 
regime behaviors of 

the tracking phase, after pull-in. 
Concerning the correlation output, 

the data showed how the energy is con-
centrated on the in-phase component, 
while in-quadrature components are 
going to 0 (top graphs in the figure), as 
expected by the theory. Furthermore, 
frequency, phase and code are correctly 
estimated (errors going to the classical 
noise level), while the navigation bits are 
correctly extracted from the in-phase 
components (right graph in the middle). 
Such results demonstrate the nominal 
behavior of the SDR, compared with 
conventional hardware. 

figure 5 presents sample data decod-
ed from navigation message of GIOVE-
A transmissions. Here it is possible to 
recognize the sub-frame structure of the 
GIOVE-A navigation message. 

Sogei and the University of Rome 
“Tor Vergata” had accumulated and 
evaluated positioning results from sev-
eral campaigns using Sogei’s SDR GNSS 
receiver.

figure 6 graphically presents data 
showing the achievable accuracy under 
high masking conditions (e.g., building 
shadowing), comparable to a commer-
cial receiver. Points have been reported 
on a mapping framework developed by 
Sogei. Data analysis showed an RMS in 
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the order of 7–8 meters in latitude and lon-
gitude and 15 meters in height.

future	Perspectives
Worldwide, the implementation of a real-
time GNSS SDR receiver is typically based 
on the integration of the code in a FPGA or 
DSP platform, and the subsequent imple-
mentation in dedicated chips (ASICs). 
Creating a truly open and reconfigurable 
solution for institutional applications, 
however, depends in such case on the use 
of such kind of devices. The integration of 
SDR within a commercial PDA or laptop 
is currently limited by the usual problems 
of power consumption and computational 
load problems. 

Computational Load limitations (espe-
cially for the tracking phase) could be 
overcome in a few years by the continuous 
progress in commercial processor imple-

mentations (increasing MIPS, transistor size reduction, cost 
reduction, multiple-core implementations, in accordance with 
Moore’s Law).

Power consumption could remain a burden for a while, but 
the use of AGNSS techniques and technological progress may 
allow these limitations to be overcome in the future.

Given this state of our GNSS SDR development, Sogei’s 
R&D activities are currently focused in the following areas:
• Integration of the SDR code on a DSP/FPGA platform with-

out relying on external libraries introduced by the develop-
ment platforms,

• Integration of the SDR code within advanced commercial 
laptops for customs tracing and tracking applications,
• Implementation of SBAS capabilities
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In	2003,	Sogei	developed	a	 reference	
GNSS	network	in	central	Italy	(see	Figure 
7),	within	the	framework	of	the	institutional	
R&D	program	for	public	administration	and	
in	collaboration	with	the	Italian	Land	Agen-
cy.	We	named	this	Network	GRDNET	(GNSS	
Research	and	Development	Net).

Using	multi-reference	station/virtual	
reference	station	(MRS/VRS)	technology,	
the	network	architecture	is	based	on	the	
following	components:

•	 Reference Stations (RS):	currently	six	
geodetic	GNSS	stations	with	an	inter-dis-
tance	of	40-80	kilometers	installed	on	the	
roofs	of	land	agency	offices	in	the	region	
and	connected	to	a	reference	network	con-
trol	center	through	a	high	quality	of	service,	
public	administration	wide	area	network;

•	 Network Control Center (NCC):	located	in	
Sogei,	 it	 calculates	 geodetic	 solutions	
(ITRF05,	IGb00,	IGS05),	provides	real-time	
kinematic	(RTK)	services	and	generates	VRS	
RINEX	files	through	an	MRS	approach

•	 User:	must	be	equipped	with	a	commercial	
surveying	GNSS	receiver,	with	integrated	
TCP/IP	connection	capability	(e.g.,	GPRS/
UMTS)	for	accessing	RTK	services.

•	 Network Website:	 a	 dedicated	 website,	
accessible	by	authenticated	users,	allows	

them	to	obtain	
a	 VRS	 RINEX	
file	for	a	point	
position	within	
the	network,	to	
acquire	 refer-
ence	 stations	
coordinates	and	
ancillary	data,	
and	to	perform	
quality	checks.

Design	and	Development	hints
The	GNSS	reference	network	is	currently	devoted	
to	land	administration	tasks,	such	as	local	cadas-
tral	reference	system	updates,	in-field	tests,	and	
training.	In	order	to	assure	high	configurability	
and	adaptation	to	customer	requests,	the	NCC	
software	has	been	developed	without	using	com-
mercially	available	packets.	

A	variety	of	receiver	models	have	been	used	
for	development	and	testing	purposes.	Following	
the	open	strategy	described	earlier,	various	GNSS	
geodetic	receivers	from	several	manufacturers	
are	going	to	be	installed	and	integrated	into	the	
GNSS	Network	Furthermore,	coordinate	transfor-
mation	between	the	International	Terrestrial	Ref-
erence	Frame	(ITRF)	and	Italy’s	national	reference	
system	(IGM95),	as	well	as	the	incoming	ETRF00,	
have	been	carried	out	in	order	to	guarantee	the	

usability	of	field	solutions	in	the	
cadastral	world.	

Concerning	network-RTK	
implementation,	 standard	
interfaces	have	been	developed	
for	real-time	communication	
between	 the	 reference	 sta-
tions	and	the	NCC	(BINEX)	and	
between	the	NCC	and	the	user	
receivers	(RTCM	2.x	and	3.x).	

In	our	experience,	the	use	
of	BINEX	also	has	the	collateral	
benefit	of	possibly	reducing	use	
of	network	bandwidth	by	about	
one-fifth	compared	to	commer-
cial	formats.	Corrections	broad-
casts	are	implemented	through	
the	standard	NTRIP	protocol.	
Quality	checks	are	performed	
using	 teqc	 (Translate/Edit/
Quality	Check)	preprocessing	
software	developed	by	the	Uni-
versity	Navstar	Consortium.

On	the	postprocessing	side,	
geodetic	solutions	have	been	
carried	out	using	traditional	
scientific	packages	(e.g.,	Ber-

nese).	We	have	implemented	dedicated	RINEX	
data	downloading	and	storage,	using	an	auto-
matic	integrity	storage	system.	To	date,	about	
two	terrabytes	of	data	have	been	collected	and	
processed.

GNSS	Network	Performance
Sogei’s	GNSS	Network	allows	users	to	achieve	
accuracies	of	less	than	10	centimeters	across	the	
entire	polygon	defined	by	reference	stations	and	
up	to	10–20	kilometers	outside	of	its	borders.	The	
average	time	to	fix	ambiguities	(TTFA)	is	less	than	
30	seconds.	An	extensive	test	campaign	has	been	
carried	out,	comparing	the	achieved	results	with	
IGM95	monographic	data.

Figure 8 presents,	as	an	example,	results	of	a	
campaign	executed	at	about	50	kilometers	from	
the	closest	reference	station.

As	for	geodetic	and	post-processing	solu-
tions,	the	usual	performance	is	obtained,	leading	
to	weekly	millimeter-level	solutions.	

future	Perspectives
High	accuracy	solutions	are	rapidly	evolving.	
(See	Figure 9.)	New	regional-level	techniques	for	
estimating	ionospheric	errors		are	being	imple-
mented,	such	as	those	discussed	in	the	article	by	
M.	Hernández-Pajares	et	alia,	cited	in	Additional	
Resources.	

Such	techniques,	together	with	multi-fre-
quency	ambiguity	resolution	available	with	mod-
ernized	GPS	and	future	GNSS	constellations,	will	
allow	a	real	exploitation	of	long-range,	instanta-
neous,	and	highly	reliable	network-RTK	solutions.	
Furthermore,	the	capability	of	the	Galileo	system	
to	broadcast	short	data	messages	could	allow	the	
implementation	of	wide	area	RTK	(WARTK)	cor-
rections	in	the	future.

GNSS	 networks’	 operational	 costs	 and	
installation	burdens	in	terms	of	hardware	and	
licences	are	currently	inhibiting	the	implemen-
tation	of	open	and	guaranteed	RTK	services	for	
institutional	purposes.	Integration	of	existing	
sub-networks	could	be	a	way	to	expand	future	
institutional	applications.	

Various	services	could	also	be	implemented	
using	EGNOS/WAAS	techniques	for	customs	
operations.	

Sogei	is	going	to	carry	out	R&D	on	such	net-
work-RTK	solutions	in	order	to	improve	as	much	
as	possible	their	accuracy	and	reliability	and	to	
extend	error	modeling.	These	efforts	are	look-
ing	toward	possible	future	WARTK	implementa-
tions	and	TCAR	techniques.	The	integration	of	
such	capabilities	within	the	GNSS	SDR	platform	
will	be	carried	out	with	the	aim	of	implement-
ing	embedded	high-accuracy	solutions	for	the	
institutions.	

Building	a	GNSS	Network

FIGURE 7  Sogei GNSS Network

FIGURE 8  GNSS Network-RTK performance
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• Implementation of phase process-
ing and RTK capabilities — through 
relevant RTCM V3.x standards and 
Networked Transport of RTCM via 
Internet Protocol (NTRIP) —for sur-
veying

conclusions
GNSS civil and institutional applica-
tions will be of great relevance for future 
GNSS applications developments.

GNSS software receiver technolo-
gies offer the possibility to implement 
open and reconfigurable navigation and 
communication systems to be embedded 
in a PDA or Laptop. As a side benefit, 
low-cost terminals will be available for 
the user. Sogei R&D activities, in col-
laboration with the University of Rome 
“Tor Vergata”, allowed the possibility to 
implement an initial GNSS SDR plat-
form able to work in a multiple constel-
lation environment. 

Meanwhile, the development of a 
network-RTK solution in the center of 
Italy, enabled users to achieve sub-deci-
meter accuracy with a reduced TTFA 
using complete standard protocols and 
interfaces. Modernized GPS and Galileo 
will allow the implementation of instan-
taneous and reliable high-accuracy 
services. RTK capabilities and TCAR 
processing within an open GNSS SDR 
environment could therefore provide a 
solution for future surveying and high-
accuracy transport applications.
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