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ray-tracing for GNSS applications?
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imulating the propagation and

reception of GNSS signals in

complex environments is a chal-
lenging task. Indeed, the user always
has to trade off between the compu-
tation time and the reliability of the
output. Moreover, the motion of GNSS
satellites, atmospheric effects, and
building geometry are always difficult
to model.

This article describes how ray-trac-
ing methods can produce consistent
and reliable output. It also provides
an example of validation of a software
suite using a graphicsprocessing unit
(GPU)-based ray-tracing algorithm to
model obscuration and multipath.

Methods for Modeling GNSS Signal
Propagation

Simulations can help us assess the
impact of the environment on the
propagation of GNSS signals in con-
strained surroundings such as urban
settings. Indeed, simulations are
relevant alternatives to test the perfor-
mance of GNSS systems and services,
compared to measurement campaigns
in a live environment. Simulators
enable users to control completely

the operational
parameters and
then to test systems
or services in dif-
ferent conditions.
They also provide
users with data to
forecast the recep-
tion in a given area
(for instance, for
mission planning)
or to analyze what
happened in the
field (for instance,
for mission debrief-
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Several methods exist to compute
the propagation of GNSS signals in
constrained environments. These are
summarized in Figure 1 and can be
sorted into four categories according
to the methods used to model the envi-
ronment and the propagation.

Pure statistical methods (such as
Rayleigh, Rice, Nakagami, and so
forth) provide results quickly, but
their accuracy and relevance can be
low. Moreover, these methods rely
on empirical parameters that can be
difficult to tune to fit to real environ-
ments. Hybrid methods may partially
overcome this drawback by using a
deterministic approach to define either
the environment or the propagation
model.

Deterministic methods return
accurate data but have two major dis-
advantages. Firstly, their reliability
relies largely on the quality of models
(or synthetic environments) used to
define the environment (satellites loca-
tions, clocks, atmospheric conditions,
buildings, vehicles, receiver properties,
etc.). Indeed, the user can achieve a
Laplace demon for a while only if the
environment modelling (3D virtual
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FIGURE1 Methods of computing GNSS signal propagation in con-

strained environments, sorted according to how the environment
ing). and signal propagation are modeled
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FIGURE2 Breakdown of pure deterministic methods
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FIGURE3 Primary grid definition. A primary ray is cast towards each

center of the primary cells. The resolution of the primary grid is one
of the simulation parameters

scene and simulation parameters) perfectly matches reality.
Unfortunately, it is not possible to create such a model with
limited time and effort. Moreover, these methods are often
time-consuming in complex environments such as urban
areas.

Pure deterministic methods can be sorted in two catego-
ries as shown in Figure 2: full exact (such as Finite Element
methods) and asymptotic methods. Unlike full exact meth-
ods, asymptotic approaches use approximations to solve the
Maxwell equations but with greater efficiency. Specifically,
they assume the dimensions of objects are greater than the
wavelength of the emitted signal.

Asymptotic methods are divided in two main categories:
ray-based and current-based algorithms. The first category
uses geometrical optics (GO) and its extension for diffrac-
tions (uniform theory of diffraction or UTD) to compute the
propagation of the signal whereas the second category relies
on physical optics (PO) laws.

The objective of this article is to describe how ray-based
asymptotic methods can be chosen to assess the propagation
of GNSS signals in constrained environments and explain
their added values and limitations.

What is Ray-Tracing?

A ray can be defined by three parameters: O, location of the
emission source; dir, the direction vector; t, distance crossed
by the ray. N

The equation of the ray is: ray = O + dir *t

The objective of ray-tracing is to find all the possible paths
from the receiver (also called the observer) to the emitter (also
called the source), considering a limited number of interac-
tions per emitted rays. A ray-tracer (or ray-tracing algorithm)
uses a primary grid to cast primary rays, as shown in Figure
3. Then, it iteratively computes the possible interactions
between these rays and the virtual scene (often defined using
triangles). If those interactions exist (i.e., if they are compli-
ant with the laws of physics) and if the number of interac-
tions to reach the emitter is below the maximum number of
interactions set by the user, a ray (or multipath) is created.

Ray-tracing techniques have two major issues: they
require time-consuming algorithms and their accuracy
depends on the resolution of the primary grid. Indeed,
depending on the complexity of the scene (basically the num-
ber of triangles), a combinatorial problem to find the possible
multipaths reaching the receiver makes the ray-tracer very
slow. That is the reason why the most difficult task to achieve
during the coding of a ray-tracing algorithm is to develop
acceleration techniques to quicken the computation process.

Several solutions exist to either improve the intersection
determination (for instance, based on spatial hierarchies
such as bounding volume hierarchies or BVH techniques), or
to decrease the number of cast rays (often based on adaptive
sampling techniques), or even to replace rays with beams or
cones. Moreover, today we can use the resources of a com-
puter’s graphic board to accelerate the computation. Indeed,
as ray-tracing can be coded by a large number of primary
functions that can be treated simultaneously, it can be easily
ported into a GPU.

As for the dependency of a ray-tracing technique’s
accuracy on the resolution of the primary grid, details and
therefore rays may be missed if the three-dimensional scene
is made up of small details. This issue is called aliasing. Alias-
ing artefacts appear, for instance, in parts of the scene with
abrupt changes (such as edges) or in complex areas with lots
of constituent objects. Solutions (or anti-aliasing techniques),
such as adaptive or stochastic samplings, exist that can deal
with this phenomenon.

Ray Tracing for GNSS

Ray-tracing techniques are often used to model the propaga-

tion of GNSS signals in constrained environments. Indeed,

by means of a ray-tracing algorithm, software can simulate

two phenomena of propagation (see Figure 4):

« obscurations, line-of-sight (LOS) signals that cannot reach
the receiver due to the presence of buildings between the
emitters and the receivers, which may lead to availability
problems

« multipaths, reflected, diffracted, transmitted, scattered
signals that generate positioning errors and fading effects.
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FIGURE4 Left: obscuration representation. The receiver is located at the center of the red virtual
sphere. Right: example of GPS reception close to the City Hall of Toulouse, France. In white,
incoming rays from the satellites, in blue, diffracted rays, in red reflected rays (simulation)

As ray-tracing is a deterministic
method, specular multipaths can be
displayed in 3D and their attributes
(receiver power, phase, polarization,
Doppler, geometry of the ray, and so
forth) are known. It is therefore easy to
see the contribution of some part of the
environment on the propagation of the
signal.

The Synthetic Environment

The main input of a ray-tracing algo-
rithm is the synthetic environment, a
virtual modeling of a real or realistic
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environment in terms of both geom-
etry and physics. The geometries of
the buildings or the objects define the
shape of the rays. The definition of the
intrinsic parameters of the materials of
the objects (permittivity, conductivity,
and thicknesses of the walls, and so on)
enables computation of the interaction
between the signal and the objects.
These synthetic environments may
be sorted into three categories:
« Fictitious mock-ups. These 3D
scenes do not model-any real or
realistic environment. The mock-
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ups are mainly used to assess a
GNSS system or service, in par-
ticular, geometrical and/or physi-
cal configurations, or to study the
impact on the results when vary-
ing some parameters, such as the
influence of a modification of roof
shapes (buildings with realistic
roofs, with flat roofs, without any
roof, and so forth) on the visibility
of the satellites.

Geotypical mock-ups. These mock-
ups model a realistic environment,
i.e,, an environment that does not
exist but that looks familiar (e.g.,
dense European city, a mountain-
ous area). They are based on real
parameters such as real footprints
and/or heights of buildings but
some parts (for instance, the shapes
and the locations of the doors or the
windows or the roofs) are randomly
defined. Templates of buildings

are used to characterize the global
shapes of the buildings to be cre-
ated. Geotypical environments are
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FIGURE 5 Left: ray-tracing software. Right: GNSS signal simulator software. Both programs communicate in real time; the simulator sends compu-
tation requests and the ray-tracer returns the obscuration and multipath modeling

mainly used to assess the avail-

ability and performance of GNSS
systems in a typical environment,
for instance for statistical studies.

o Geospecific mock-ups. These mock-
ups model a real environment, and
are accurate descriptions of a real
scene in terms of geometry and
physics. These 3D scenes are used
to either reproduce actual signal
reception (e.g., for mission debrief-
ing), or to forecast a reception (e.g.,
for mission planning) or even'to
populate a measurement campaign
with simulated data. In such cases,
the quality of the 3D mock-ups has
a strong effect on the consistency
and the reliability of the results.
Indeed, the geometries of the build-
ings or obstacles (such as street
lights, road signs, vehicles, etc.)
must mimic the local environment
as closely as possible in order to be
compared to measurements.

Validation - Example of Simulated Data

A measurement campaign was recently
conducted to validate the performance
of a simulator based on ray-tracing
algorithms. Two parts comprised the

simulation system (screenshots shown
in Figure 5): a typical GNSS simulator
capable of modeling the constellation
and relevant receiver characteristics
and a GPU-based ray-tracing algo-
rithm to deterministically compute
obscuration and multipath parameters.

Both software applications commu-
nicate in real-time through a TCP/IP
protocol. The computation frequency
has been set to 10 hertz:

We selected a U.S. street for the
simulation and for the measurement
campaign with-the local environment
created from raw data. These raw data,
which model the geometry of the large
structures (buildings, large objects),
have been created using photogram-
metry techniques from satellite stereo-
scopic imagery. The resolution of the
input images was 50 centimeters.

Then, we post-processed these data
to add geometrical details (buildings
windows, doors, street objects, and so
on) and to define the building mate-
rials. Figure 6 shows how the model
evolves from low to high resolution.

Figure 7 compares measured and
simulated data when only obscuration
has been considered (no multipath).

FIGURE6 The synthetic environment models a narrow street. White buildings are de-
fined in low resolution. Buildings close to the receiver are detailed in order to model

the influence of small structures on the reception.

The results of the measurement cam-
paign indicates that general trends are
globally reproduced: the simulated
levels of the received power are fair

for GPS-05 and GLO-09. Regarding
GPS-02, the drop of power is caused
by the obscuration of the LOS signal

as explained by the simulated data.
However, the simulated power does not
correctly mimic the small variations of
power, mainly due to multipath inter-
actions and interferences.

Figure 8 shows the evolution of the
simulated carrier-to-noise-density
ratio (C/N,) when multipath is consid-
ered: a maximum of four reflections
and one diffraction per multipath
have been modeled and 10 multipa-
ths per channel have been taken into
account.

The graphs in Figure 8 show a bet-
ter consistency between measured and
simulated data. The variation of power
is more erratic and the visibility of the
satellites is similar to actual measure-
ments of signals.

Nevertheless, some discrepancies
can be observed in the power level.
Several causes can explain such dis-
crepancies, such as quality of the scene
(especially for low elevation satellites
with only non-LOS reception) or the
surrounding traffic during the test
(vehicle or pedestrian) and the vegeta-
tion (for instance, isolated trees), which
have not been modeled in the simula-
tion.

Deterministic simulations never
produce data that fits perfectly with
real measurements. Indeed, they
highly depend on the realism of the
synthetic environment, and it is not
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FIGURE7 Evolution of carrier-to-noise-density ratio for various satellites considering only obscuration of signals. In blue: live measurement of
signals; in red: simulation (only LOS signals considered). Left graphs: C/N, evolution for different satellites. Middle graphs: pseudorange versus

doppler frequency. Right image: simulation with direct path from the satellites displayed in white
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FIGURE8 Evolution of live and simulated carrier-to-noise-density ratio for various satellites incorporating multipath effects. Left graphs: in blue:
live measurement; in red: simulation (LOS + multipath signals considered) Middle graphs: pseudorange versus Doppler frequency. Right image:

Simulation with reflections in red, diffractions

in blue.

possible (with limited time and effort)
to perfectly mimic a real configuration.
However, the added value of using such
algorithms is certain when we compare
measurements with statistical and
deterministic simulations.

Ray-tracing algorithms will not
perfectly reproduce what happened or
what could/will happen, but they can
supply data that match real measure-
ments as closely as possible, according
to the quality of the definition of the
synthetic environment.

Manufacturers
OKTAL Synthetic Environment
(OKTAL-SE), Vigoulet-Auzil, France,

and the positioning technology busi-
ness unit of Spirent Communication
plc based Paignton, United Kingdom,

of a simulator based on ray-tracing
method. SimGEN: the simulator
software suite, developed by Spirent,
produced the simulation scenario and
modeling of the constellation and

the receiver. SE-NAV, the propaga-
tion kernel, developed by OKTAL-SE,
providing SimGEN with all the data
needed to model deterministically
multipath. SE-NAV uses a proprietary

the obscuration as well as the mul-

have recently carried out measurement
campaigns to validate the performance

GPU ray-tracing algorithm to compute

tipath. The raw data used to create the
Synthetic Environment was created by
Siradel, Saint-Grégoire., France.
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