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Introduction

Software-Defined Receivers (SDR) are radio receivers that contain as few
hardware components as possible. In such a receiver, the signal processing
block then starts as close as possible after the antenna, and is carried out
with scripts running on a general-purpose processor contrary to traditional
hardware radio receivers.

The application of this concept to receivers for Global Navigation Satel-
lite Systems (GNSS) signals was initiated in the latter part of the nineties.
Several implementations have been developed all over the world since, at
a time where existing GNSS constellations are being modernised and new
constellations being constructed. Software receivers not only offer sev-
eral advantages in terms of processing compared to the traditional GNSS
receivers architectures, they also find various and sometimes unexpected
applications. This paper contributes with an update on the different GNSS
software receivers, a couple of years after the first state of the art [1].

The US GPS is the only fully-operating GNSS since the early nineties.
This system has been undergoing several modernisations: new generations
of increasingly performant satellites are being launched, and signals offer-
ing higher ranging accuracy are being transmitted. Regional augmenta-
tion systems to GPS have been developed, such as the European system
EGNOS, opening the way to the development of complementary global
navigation systems such as Galileo.

The existing GNSS systems, like GPS, are each increasing the number
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of transmitted signals, with modernised signals in the existing bands and
signals in the new frequency bands. This new situation allows for more nav-
igation observables and different combinations of navigation observables,
which enables the easier correction of, for example, atmospheric effects and
yields more accurate position and velocity estimates. These improvements
might be taken further by combining observations from different GNSS
systems, as long as these GNSS systems are compatible with each other
and interoperable.

For an overview of existing GNSS systems and the future of these sys-
tems, we refer to the preceding contribution Global Navigation Satellite
Systems: status, plans and threats in this year’s NL-Arms by Christian
Tiberius.

Software Receivers

Software receivers are digital implementations of receivers for radiofre-
quency signals, that ideally contain as few hardware components as pos-
sible. The digital signal processing (DSP) of the stream of discrete-time
samples starts right after the antenna, and is achieved by software scripts
running on a general-purpose processor. The hardware in a software re-
ceiver would then just be made of an antenna attached to an analogue to
digital converter (ADC) delivering signal samples to a DSP block. A soft-
ware receiver does not transmit any signals, to the contrary of a software
radio, which is a digital implementation of a transceiver, that not only
receives but also transmits signals.

Software-defined receivers

The processing of signals sampled following Nyquist’s theorem, an ap-
proach called direct digitisation, is not possible or too expensive with the
capabilities of actual ADCs and DSP boards, and might not become very
much easier in the coming years. Indeed, the frequency range and dynamic
range of the ADC are usually too limited, and the current available process-
ing powers are too limited, at least for real-time operation. In practice,
these limitations are then bypassed by adding analogue components after
the antenna of the ideal software receiver architecture, making so-called
software-defined receivers. The difference between software and software-
defined receivers is illustrated for GNSS in Figure 4. Traditional analogue
radio architectures, i.e. radio front-ends, are then still needed to cope with
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the limitations of the ideal software receiver and efficiently implement a
software-defined receiver.

The most spread architecture is the heterodyne architecture that down
converts the received signal to a (lower) intermediate frequency (IF), in
one or several stages with one or several sets of oscillators, mixers and fil-
ters, one set for each down conversion stage. In order to reduce the power
consumption of the receiver and the price of analogue components, some
receivers implement the homodyne architecture, also called direct conver-
sion architecture, which achieves the down conversion in one step of the RF
received signal to baseband or quasi-baseband. This approach is particu-
larly fruitful for the reception of wideband signals or of the combination of
several narrowband signals (for the application to GNSS see [2]).

Features of the software receiver

The software receiver approach might first bring cost reduction in the de-
sign of radio receivers, since for instance, the displacement of the ADC
towards the antenna enables the suppression of analogue components and
digital filters in the front-end. Second, the software receiver approach
brings flexibility in the design of radio receivers: the single-purpose nar-
rowband components can be replaced by wideband components allowing
for the fusion of reception capabilities for different radio systems. The
software approach then enables the reception with one device of signals
with different modulations and encryptions, or the integration of naviga-
tion functions in one electronic device with other non-radio systems.

More important, the software approach enables the re-programmability
of the hardware, consequently the updating and improvement of the radio
receiver capabilities. Eventually, if the processing power offered by market
PCs in the early decennia was not sufficient to have software receivers with
real-time processing capabilities, Moore’s law ruling the speed of proces-
sors has made it now possible for demanding applications, such as GNSS
receiver processing to run on ordinary PCs.

GNSS receivers

In this section we concentrate on software receivers for GNSS satellite
signals, like the signals involved in GPS.
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Purpose of the receiver

GNSS satellites currently transmit so called direct sequence spread spec-
trum signals, using Code Division Multiple Access (CDMA), i.e. trans-
mission of multiple signals on one frequency using different codes for the
signals. This imposes on GNSS receivers to be receivers for CDMA signals,
that are either BPSK or BOC modulated [3,4]. Since ideal software receiver
currently cannot be built, GNSS receivers depicted, as in Figure 1, imple-
ment the classical heterodyne radio architecture to collect the RF signal
with an analogue front-end that is located between the antenna and the
ADC. In the Digital Signal Processing (DSP) block, usually implemented
in hardware through Application Specific Integrated Circuits (ASICs), the
received satellite signals are synchronised and demodulated, achieving the
simultaneous production of ranging observables and extraction of the nav-
igation information transmitted by the satellites. Once this data has been
processed, the receiver can compute its own Position, Velocity and Time
(PVT).

Figure 1: Simplified architecture of a GNSS receiver.

Architecture of the software receiver

The classical receiver implements the heterodyne architecture, that pre-
processes the received signal. This means, as depicted in Figure 1 that
the received signal is (bandpass) filtered, amplified to an acceptable level,
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down-converted to a lower, intermediate, frequency (IF) to make it processe-
able and digitised, i.e. transformed into a stream of discrete-time samples.
The receiver then proceeds to signal acquisition, that is, the detection of
the received signals and a coarse estimation of the code phase and Doppler
frequency synchronisation parameters. The signal processing is then split
into different channels corresponding to the detected satellites. In each
channel, the received signal is synchronised so as to remove the code and
carrier from the signal, i.e. extract the navigation data, and compute nav-
igation observables, pseudorange, carrier phase, accumulated Doppler. In
the end, the extracted navigation data is decoded and the receiver PVT
estimates [xT

r
ẋT

r
δtT ]T can be computed. In Figure 1 the box embedding the

tracking and data processing blocks represents the continuous processing
part inside the receiver.

A global model of the GPS receiver is presented in [3-7]. To still take
advantage of the fastest techologies, one of the trends in GNSS receivers
is to consider software routines run by a Field Programmable Gate Array
(FPGA), or by a Reduced Instruction Set Computer (RISC) microproces-
sor instead of a PC. A detailed quantitative analysis of the design, the
implementation of such processor architectures for GNSS SDR receivers
is presented in [8], including an exhaustive study of existing Application
Specific Instruction Processors (ASIP) based architectures.

Receiver starting options

The direct environment and history of a GNSS receiver have such impact
that when switched on, the receiver faces different conditions, respectively
called cold, warm and hot start conditions. A hot start happens after a
relatively short interruption of the reception, from a passage in a tunnel
until a shortage of less than two hours. A warm start occurs when the
GPS receiver is switched on more than four hours after being switched
off at the same place. In this case the receiver does not have any valid
ephemeris, although it does have a valid almanac. To the contrary, a cold
start happens when no valid timing or location information is available to
the receiver, which has not been used for several days, or has travelled far
from the last location known to it. These cold start conditions are the only
type of conditions that matter to characterise the receiver performance.
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The receiver’s RF front-end

As illustrated in Figure 1, the RF front-end most of the time implements
the heterodyne radio architecture, that filters the spectral band of interest,
mixes it to an IF, filters and amplifies the down converted signal that
is next transformed by an ADC into a stream of discrete-time samples
[3,4,6,7,9-12]. These pre-processing operations in the analogue front-end
shall perform identically independently from the reception conditions at the
antenna, i.e. independently of the received signal strength and the value of
the signal carrier frequency, independently also of potential unintentional
interferences from external sources and independently of the self-noise from
the front-end. As mentioned above, given technological limitations, the
direct sampling of the received signal at RF is not possible, while the
sampling at IF or baseband is. Besides the number of quantisation bits, the
sampling is characterised by the value of the sampling frequency fs which
in turn is linked to the choice of the sampling strategy [9]. Most front-
ends deliver signal streams containing one phase of the received signal.
Depending on the signal structure and the receiver specifications, one might
want the phase and quadrature components of the received signal.

Signal processing in GNSS receivers

The signal processing in a GNSS receiver is basically made of three blocks:
the acquisition block, the tracking block and the data processing block.
These three blocks achieve the synchronisation and demodulation of re-
ceived satellite signals by means of signal processing algorithms, the pro-
duction of ranging observables and the extraction of the navigation infor-
mation. Both acquisition and tracking stages are based on the measure of
the similarity, correlation, between a received satellite signal and a signal
template. For the acquisition, this measure is a two-dimensional quantity
depicted in Figure 2. From the tracking outputs the navigation message
can be decoded and a position, velocity and time (PVT) solution can be
produced.

The acquisition part

While the RF front-end processes one single stream of data, the DSP block
separates the different satellite signals. The first task of the DSP, the acqui-
sition, is then to detect which satellites are in view of the receiver and for
each satellite, to yield coarse estimates of the synchronisation parameters,
the signal travel-time and carrier frequency. This estimation-detection pro-
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cedure is possible thanks to the properties of the GNSS signal spreading
sequences. On the whole, the acquisition is by far the most demanding
part of the whole receiver chain in terms of computational cost. This cost
is highly variable according to the acquisition method, the initial status of
the receiver and the environment of the receiver. Acquisition techniques
are based on the correlation of the received signal with a signal replica.
Numerically, this correlation measure is computed on a predefined, dis-
crete search grid. The accumulation of the correlation values in a coherent
and/or non-coherent way, makes up for a simple but efficient means to
enhance the sensitivity of the receiver. Challenging acquisition scenarii
include the processing of weak signals and signals with multi-trajectory
propagation, multipath, that can be found in urban canyon or indoor en-
vironments.

Several factors impact the signal acquisition performance. Satellite-
receiver dynamics and characteristics of the receiver, such as the sampling
frequency or IF frequency, impact the resolution of the search grid. The
implementation of the correlation operation, the integration length, the
search strategy are other useful settings of the parameter estimation and
the signal detection. The precision (bias and accuracy) of the synchroni-
sation parameter estimates, the sensitivity of the algorithm and the mean
acquisition time qualify the performance of the acquisition algorithm. The
choice of the acquisition method and the setting of its parameters usually
results from a trade-off between computational load / processing speed of
the DSP and sensitivity of the algorithm.

The tracking part

The next signal processing step, called tracking, aims at refining and keep-
ing track of the synchronisation parameters, the code phase and carrier
frequency, based on the coarse parameter estimates, obtained during the
acquisition. The tracking then achieves for the received signal the contin-
uous estimation of the synchronisation parameters and of the GNSS signal
parameters : the code phase (travel time), the Doppler frequency shift,
accumulated Doppler shift and carrier phase. Of course the accuracy of
these parameter estimates has an impact on the precision of the pseudor-
ange measurement, i.e. the distance from the receiver to the satellite. In
practice, the signal tracking is divided into two functions, the code tracking
and the carrier tracking, that adjust the code phase and carrier phase (fre-
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Figure 2: Two-dimensional correlation function of the received signal with the replica for
PRN 3 (top) and Acquisition metrics (detection power) of all GPS satellites (bottom):
red satellites are detected, blue satellites are considered as absent. The peak on the left
plot indicates the presence of the satellite signal. The coordinates of the peak indicate
the time-offset and frequency offset of the received signal with regard to the nominal
frequency due to the satellite receiver dynamics.

quency) of a replica to the code and carrier phases of the received signal.
This tracking is implemented in traditional DSP architectures, with closed-
loops called Delay-Lock-Loops (DLL) and Phase-Lock-Loops (PLL). Both
code and carrier tracking loops are made from a detector/discriminator, a
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filter and an oscillator updating the parameter tracked in the loop.

Figure 3: Tracking outputs for satellite signal of space vehicle (SV) 3 recorded in an
experiment in the surroundings of Den Helder. In the figure: demodulated phase and
quadrature arms (90 degrees shift) showing that the navigation data appear in the prompt-
phase arm IP (in phase).

A lock detector is used to check whether these tracking loops are locked
or have lost lock. In this last case, the acquisition must be carried out
again for the considered satellite. Otherwise if the tracking is successful,
the signal stream at the output of the tracking delivers the navigation
data carried by each satellite signal. Next to the navigation data the
tracking block yields, for each visible satellite ranging measurements, the
code pseudorange, possibly the accumulated Doppler and the carrier phase
pseudorange, enabling the computation of a position-velocity-time (PVT)
solution. Obtaining these measurements is very well known when the re-
ceiver is static and not subject to interference. On the other hand, current
receiver challenges include the determination of correlation losses due to
multipath or interference.

The main factors impacting the tracking performance are the signal
modulation, the chip (one code elemenent) length, the type of discrimina-
tor, the early-late correlator spacings, the sensitivity of the tracking loops
to the received signal strength, the satellite-receiver dynamics, interfer-
ences or multipath. On the other hand, the tracking performance can be
characterised mainly by the (non-linear) dynamic and stability properties
of the PLL and DLL.
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Data processing in the receiver

Once the signal has been demodulated, the data processing first consists
of synchronizing and decoding the 50 Hz navigation data. The decoding
is achieved in several steps, since the navigation data is structured for
GPS, in words containing 30 bits, 10 words forming a (300-bit) subframe,
5 subframes making a (1500-bit) page. Consequently, if a receiver does
not have its position, a long enough signal must be read to be sure to
obtain the complete navigation data. Once the navigation data has been
decoded, the receiver has the knowledge of the satellite’s position, of clock
corrections terms, can synchronise with the GPS time and can proceed
to the computation of pseudoranges and the estimation of its position,
velocity and time [3,13].

Software receivers for GNSS

As for other radio frequency receivers, GNSS receivers become all-digital
receivers. The software receiver context then not only offers to GNSS
receivers advantages in terms of flexibility and reconfigurability, but also
enable new applications. Technologically the ideal GNSS software receiver
is not feasible, and an analogue front-end is necessary in practice to build
a GNSS software-defined receiver, as depicted in Figure 4.

Software-defined receivers first make up for a good framework for de-
veloping the GNSS receiver DSP [14,15] and improving the positioning
accuracy by integrating other systems to the GNSS receiver platform. Con-
sidering the signal processing only, the SDR flexibility is especially needed
when designing a new receiver. One can indeed more easily make a multi-
frequency receiver, such as a GPS L1 / L2 receiver, with multiple signals
on these carrier frequencies such as the C/A code and P(Y) code on L1.
One should also implement more easily a multi-constellation receiver, such
as a GPS / Glonass receiver. Considering the PVT accuracy, the GNSS
receiver can be integrated with, for example, inertial systems such as INS,
or other navigation systems such as LORAN. Secondly, considering the
reception of one signal from one GNSS system, specific scenarios, such as
interference, multipath or weak signals conditions reception can be studied
and the fine tuning of the implemented algorithms is made easier. Thirdly,
in terms of integration, the software receiver approach not only enables
the integration of several navigation functions on one platform to improve
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the navigation solution but also, by integration, the sharing of one single
DSP platform, e.g. a cellphone, with other applications such as cellular
communications or embedded applications [16].

Figure 4: Different implementations for GNSS receivers: software receiver, software-
defined receiver and hardware receiver, from [14].

Brief history of GNSS software receivers

The first front-end for GNSS software receivers has been presented in [10],
together with the theory of bandpass sampling and other sampling strate-
gies. The first GPS L1 C/A software receiver was then borne. The first
realtime software receiver for GPS L1 C/A signals was presented in [17].
Several overview articles have been devoted to GNSS software receivers,
the first of which is in the author’s opinion the most comprehensive [1].
Other articles with different depth have followed : a list of resources on
software receivers in 2005 was established in [14]. Further technical hard-
ware and software-related issues inherent to GNSS software receivers are
to be found in [18,19]. Overview articles including safety concerns in civil
aviation or military contexts, such as reliability of the position delivered
by software receivers, are to be found in [1,20].

The first book on GPS and Galileo software receivers appeared in [4] to-
gether with software receiver scripts and data records. These data records
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Figure 5: Low-cost antenna and (SiGe) software receiver front-end for pre-processing the
received satellite signals. This front-end connects to a PC on which the recording and
processing of the data signals take place. Images are from Sparkfun.

were collected with the front-end depicted in Figure 5. Further, [21]
presents improvements brought to the software scripts and results that
include (1) frequency spectrum monitoring plots, (2) multipath mitigation
and tracking results, (3) FPGA and real-time implementation results, (4)
implementation of multiple correlators for new GPS and Galileo signals and
(5) the bump-jumping technique for removing ambiguities in side-peaks of
the auto-correlation function of the new BOC signals.

Software receivers open new perspectives for the improvement of the ac-
curacy of the pseudorange measurements and then of the positioning accu-
racy with standalone receivers. Indeed, modifications to the receivers such
as an increase in the number of correlators, mitigation of physical channel
propagation effects acquisition and tracking of weak signals, wipe-off of the
navigation data thanks to assisted GNSS, or implementation of the vector
delay-lock-loop (VDLL) become possible with a software-defined receiver.
Technological trends such as the consideration of Graphical Processing
Units, multi-core processing technologies shall supply FPGAs for handling
large computational burdens [15,22]. Currently, particular needs concern
the availability of hardware for down-converting the received signal, and
digitising the variety of RF spectral bands. One example of multifrequency
software receiver is illustrated in [23], where GPS L1, L2C and L5 signals
are synchronously collected thanks to a triple-frequency front-end. In this
case, since the L2 and L5 signals do not bear any navigation message,
pseudorange measurements can still be obtained in the software-defined
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receiver SDR framework by sharing the information from the L1 naviga-
tion message.

New applications by software receivers

Besides the new possibilities for standalone processing offered by software
receivers in terms of programming flexibility and integration with other
systems, software receivers enable the testing and validation of new al-
gorithms. It becomes possible to add in software new functions to the
receiver that work independently from the signal processing subsequent to
the PVT estimation : such as time-domain histograms for BOC signals run
lengths [24] or verification of the integrity of the receiver position [3]. Be-
sides these applications, software-defined receivers have soon become useful
to implement signal quality monitoring functionalities at different scales.
GPS L1, L2 and L5 signals are being collected triple-frequency thanks to
a front-end with very high sampling rate, for monitoring anomalies and
exceptional events based on the raw data signal samples only [25].

GIOVE-A and GIOVE-B signals are being monitored using Chilbolton’s
astronomic telescopes, allowing for the assessment of transmitter non-
idealities in a software receiver environment [26-28]. However the first
objective of the application of the software-defined receiver approach to
GNSS was the search for more computational efficiency for the traditional
acquisition and tracking tasks. The implementation of new acquisition
techniques such as the FFT-based parallel-search acquisition [29] was one
of the first steps in this direction, giving birth to several new ideas for the
purpose of signal acquisition [30,31] in the frequency-domain and [32,33]
in the time-frequency domain.

As GNSS constellations are multiplying and their utilization is becom-
ing widespread, computational efficiency inside the receiver processing and
positioning accuracy remain major challenges for standard receivers. Other
challenges arise for aviation or military users needing trust, integrity, on
the provided receiver position. Indeed, the receiver has to cope with threats
to the receiver accuracy such as unintentional or intentional interference,
jamming. These phenomena have been studied for several years and are
known. New challenges arise with the protection of receivers against spoof-
ing attacks. In such cases, a signal resembling the broadcast satellite signal,
but different, is sent towards the GNSS receiver to cause it to produce a
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wrong position. Additional checks, signal authentication, are implemented
for the receiver to know it produces not only a reliable position, but also
in an adequate way and with reliable signals. Signal authentication is then
necessary to have the receiver acknowledge the signal processing required
for producing ranging measurements and further estimate a position. Sig-
nal authentication or anti-spoofing within software receivers, is a more
recent field of investigations, where techniques using signals encrypted by
the service provider, such as the US GPS P(Y) code, make it possible to
the expert user to check the authenticity of the received signal. The first
GPS L1 C/A code signal spoofer has been developed using a software radio
[34], while the first anti-spoofing technique considers the joint processing
of signals collected at different locations, close one to the other [35], to
access the military P(Y) code sequence for authentication.

A second application involving the processing of signals received at two
different stations is the measurement of the three-dimensional baseline vec-
tor between the stations [36,37]. The next contribution in this year’s NL
ARMS will discuss this application in more detail.

In a similar way to the interferometric positioning, GNSS-reflectometry
(GNSS-R) implements the cross-correlation of two received GNSS signals
in post-processing. GNSS-R consists in the recuperation of signals reflected
by the Earth and the determination of properties of the reflected surface.
Indeed, two antennas being connected to a receiver above the surface to
study, the receiver collects for each visible satellite, one direct signal from
the satellite and one signal reflected by the surface, typically an icy sur-
face, the sea, or the ocean. Reflectometry experiments have been carried
out where the receiver was placed on a satellite [38]. Compared to the
case of the interferometric positioning, the cross-correlation energy of the
direct and reflected signals is more spread and exhibits a specific shape
that depends mainly on the reflected surface, and the parameters to re-
trieve [39-41]. Possible applications of the GNSS reflectometry principally
lie in remote, Earth-sensing applications. For instance one can retrieve
information on the ocean wind and waves (scatterometry), on the ocean
mean height (altimetry) or information on sea ice, land surface topography
or near surface soil moisture. These applications are possible thanks to the
post-processing capabilities of software receivers.
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Figure 6: GNSS reflectometry consists in recuperating GNSS signals reflected from a
surface. This picture from the University of Southampton depicts the application of
GNSS-R to scatterometry or altimetry purposes above the North-Atlantic ocean.

Conclusions

Software receivers result from the breakthroughs in analogue components
technology and processing technology. Consideration of GNSS and GNSS
receivers have been becoming widespread since the early nineties. As a
consequence the late nineties have seen the birth of software receivers for
GNSS as research and development tools for traditional GNSS receiver
signal processing, processing benchmarks of new signals and new constel-
lations, development platforms for new implementations of old concepts
and simply, new applications. GNSS software-defined receivers are tools
that enable receivers to be quickly reconfigured and adapted to different
environments, which matters in critical environments.

Simple experiments such as the interferometry are already possible with
low-cost front-ends, yielding accurate single-difference positioning results.
GNSS are tools that enable the study of signal processing immunity to
unintentional and intentional interferences or worse, resistance to signal
spoofing. Indeed signal authentication algorithms exist, to guarantee the
integrity of the signal processing, not only of the estimated position. Even-
tually, as processing capabilities emerge, software-receivers enable applica-
tions that are highly-demanding in terms of computational load, such as
GNSS reflectometry.
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