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Abstract— The satellite visibility of global navigation satellite systems in urban areas is in-
vestigated with electromagnetic ray-based methods and 3D city models. The satellite position
is computed with satellite orbital parameters and the SGP4 standard mathematical model of
satellite orbits. The obstruction, reflection and diffraction of satellite signals due to the presence
of buildings are taken into account in the prediction of satellite visibility, with the satellite signal
propagation paths being determined by using the ray tracing and 3D city models. In some cases
where it is hard for a receiver to detect a satellite due to too low signal level, there do exist
predicted signal propagation paths from the satellite to the receiver via reflection or diffraction.
The received signal level is also estimated with the electromagnetic ray-based methods to enable
the predicted satellite visibility to be correlated with that observed.

1. INTRODUCTION

Global navigation satellite systems, GNSS in short, are satellite-based radio navigation systems
that provide geolocation and time information to a GNSS receiver anywhere near or on the earth.
Satellite visibility represents the ability of a receiver to sense a signal from a satellite. A GNSS
receiver typically requires a clear radio channel to at least four GNSS satellites. In urban areas
with high-rise, high density residential and commercial development, so-called urban canyons, tall
buildings often block the direct line-of-sight (LOS) signals from many GNSS satellites, leading to
either poor GNSS positioning accuracy or lack of a positioning solution. Many satellite visibility
tool available online such as CalSky have been developed for providing the coverage information
for satellite constellations without considering satellite signal obstruction. Actual satellite visibility
in urban areas generally becomes worse due to the presence of tall buildings. Recently, three-
dimensional (3D) building models have been utilized to predict satellite visibility in urban areas,
with the purpose to correct the multipath errors by identifying and removing reflection paths or
to find a possible positioning solution in urban canyons via utilizing reflection paths [1, 2]. The
diffraction by building wedges and the received satellite signal strength are seldom considered in
the prediction. Also, most satellite visibility predictions utilize the GNSS ephemeris and almanacs
orbital parameter data to compute the satellite position. However, the data are difficult to obtain
for BeiDou and QZSS satellite systems.

In this paper, the prediction of satellite visibility in urban areas is investigated for five GNSS
constellations including GPS, GLONASS, Galileo, BeiDou and QZSS. The two-line element set
(TLEs) orbital parameter data that are available online for all considered GNSS constellations are
employed to compute the satellite position with the SGP4 standard mathematical model of satellite
orbits [3, 4]. The consideration of multi-constellation navigation satellite systems increases the
number of satellites in the field of view, alleviating the problems caused by building obstruction and
improving spatial distribution of visible satellites. Electromagnetic ray-based methods combined
with 3D city models are employed to model the satellite signal propagation in complicated urban
environment. The signal obstruction, reflection and diffraction by buildings are considered [5, 6, 7,
8]. The 3D city models used here are those in the stereolithography (STL) format represented by
unstructured surfaces [9]. Real-world observation by using a GNSS receiving device is conducted
to verify the predicted satellite visibility results.

2. SATELLITE POSITION AND 3D CITY MODELS

2.1. Satellite Position

The prediction of the GNSS satellite visibility needs the knowledge of satellite position which can
be computed from the orbital properties of the satellites in TLEs format with the SGP4 standard
mathematical model of satellite orbits [4]. The TLEs data which are updated regularly can be



Figure 1: 3D city model for an urban district in STL format.

downloaded and their widespread availability for all GNSS is the primary reason why the TLEs is
chosen in this work. Table 1 gives the description of TLEs orbital parameters used for computing
the satellite position.

Table 1: TLEs format and description of items.

Field | Column | Item
1.1 1 Line Number of Element Data
1.7 19-20 Epoch Year (Last two digits of year)
1.8 21-32 Epoch (Day of the year and fractional portion of the day)
2.1 1 Line Number of Element Data
2.3 9-16 Inclination in Degrees
24 18-25 Right Ascension of the Ascending Node in Degrees
2.6 35-42 Argument of Perigee in Degrees
2.7 44-51 Mean Anomaly in Degrees
2.8 53-63 Mean Motion [Revs per day]

2.2. 3D City Models

3D city models in the STL format is employed, which can be obtained from CityGML or 3DS
models by conversion. An STL file describes only the surface geometry of a 3D object without any
CAD model attributes, and it contains the information of unstructured triangulated surface by the
unit normal and vertices (ordered by the right-hand rule) of the triangles. An STL model of an
urban district is displayed in Fig. 1.

3. ELECTROMAGNETIC RAY-BASED METHODS

Electromagnetic ray-based methods such as the uniform theory of diffraction (UTD) are based on
rays of direct incidence, reflection and diffraction [7, 8]. The propagation paths relating to these
rays are first determined. A ray is included to compute the received signal strength if it exists and
is not obstructed. A GNSS receiving device can receive both (direct) LOS and non-LOS (reflection
or diffraction) rays.

3.1. Propagation Path Determination

A direct ray from a satellite to a receiver exists if it is not obstructed by any building. The
shadowing algorithm presented in [5] is employed to check if a direct ray is obstructed.

To determine a reflected path, it is needed to find a reflected point on a reflected surface. The
image-based ray tracing technique presented in [6] is well suited for determining reflected points
and reflected paths. A predicted reflection path from a satellite to a receiver passing through a
reflected point is an effective propagation path only when the reflected point is visible to both the
satellite and the receiver.

Similarly, it is needed to find a diffracted point over a diffracted edge in the determination
of a diffracted ray. this can be done by the following proposed algorithm. Let S and R denote
the positions of satellite and receiver, respectively, V7 and V5 the two vertices of an edge, Q) the
diffracted point on the edge, and O the origin of the coordinate system, as shown in Fig. 2. Because



Figure 2: The geometry for determining a diffracted point.

@ is on the edge V1 V5 and it is on the line SR as well, we have
0Q = OV; + t(OV; — OVA), (1)

and - -

0Q =085+ p(OR - 0S), (2)
as where t and p are real numbers between 0 and 1. Let A and B be the points on the edge that
make the lines SA and RB be normal to the edge V1 V5. As the angle formed by the incident ray

and the edge equals that formed by the diffracted rays and the edge, SQA and RQB are similar
triangles and this results in

p__ |54] (3)
l-p |RB|
and thus p can be expressed as o
|SA|
P~ IS4+ |RB| @

Substituting (4) and (2) into (1), we derive the expression of ¢

V1V RB|OS + |SA|IOR
— 22. |[RB|OS +|54] - on). (5)
[ViVa| |SA| + |RB]

The right-hand side of (5) is known. Once ¢ is obtained, we can compute the diffracted point
with (1). If the diffracted point is visible to both the satellite and the receiver, the associated
diffracted path is an effective propagation path from the satellite to the receiver passing through
the diffracted point. Fig. 3 shows the comparison of the predicted and observed satellite visibility,
where the diffraction is not taken into account in the initial prediction. It can be seen that all
the GPS and GLONASS satellites in the figure are both predicted and observed except the GPS
satellite ‘G29’, and the predicted and observed satellite positions also agree well with each other.
After including the diffraction effect in the prediction, ‘G29’ becomes predictable.

3.2. Signal Strength Calculation

The field reflected by dielectric surfaces can be easily computed once the reflection path is deter-
mined [6]. The building surfaces with two different dielectric materials, i.e., concrete and glass, are
considered. The dielectric properties used for the reflection computation are those recommended
by the International Telecommunications Union (ITU). Both materials have a dielectric constant of
7, and the loss tangent for the concrete and glass are 0.12 and 0.014, respectively. Fig. 4 shows the
computed reflection coefficients versus the angle of incidence, where the TE and TM polarizations
stand for the incident electric field perpendicular and parallel to the incident plane formed by the
incident ray and surface normal, respectively. It can be seen that the concrete surface generally
has 2 dB higher reflection attenuation than the glass surface.

The computation of the field diffracted by dielectric wedges is relatively complicated. After
investigating various UTD diffraction coefficients for dielectric wedges, we employ heuristic UTD
coefficients introduced in [7] that are given by

Dy = Hsp D1 + Do+ R j(an) D3 + R p(cv0) Da, (6)
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Figure 4: Reflection coeflicients for the concrete and glass building surfaces.

where Dy, Dy, D3, and Dy are the four terms of usual UTD diffraction coefficients defined in [8],
and R p(ay) and R j(ap) represent the Fresnel reflection coefficients associated with the n and 0
dielectric wedge faces, respectively. The subscripts s and & represent soft and hard polarization,
respectively, with the former referring to the incident electric field normal to the incident plane,
and the latter referring the incident electric field parallel to the incident plane. Hyy, is given by

Hgp = Rsp(an)Rsp(). (7)

Fig. 5 shows the computed UTD diffraction coefficients for a concrete wedge with the exterior
wedge angle being 270°, where the angle of incidence ¢; is 45°. The coefficients for the same
wedge with perfect electric conductor (PEC) wedge faces are also computed and plotted in the
same figure for reference. It can be seen that, in the shadow region where ¢; > 225° the hard
polarization component is greater than the soft polarization component, and the attenuation due
to the diffraction by the concrete wedge is obviously higher than that due to the direction by the
PEC wedge for the primary polarization.

4. CONCLUSION

The electromagnetic ray-based methods are applied to the prediction of GNSS satellite visibility. In
the case of direct signal from a satellite is blocked by buildings, a GNSS receiver may still detect the
satellite via reflected or diffracted signals. After taking into account the reflection and diffraction,
better agreement between the predicted and the observed satellite visibility can be achieved. In
the shadow region, the attenuation due to the diffraction by a concrete wedge is obviously higher
than that due to the diffraction by a PEC wedge for the soft polarization.
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Figure 5: Diffraction coefficients for concrete and PEC wedges.
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