
 

  

 

Aalborg Universitet

Time-correlated Geometrical Radio Propagation Model for LEO-to-Ground Satellite
Systems

Martinez, Enric Juan; Rodriguez, Ignacio; Lauridsen, Mads; Wigard, Jeroen; E. Mogensen,
Preben
Published in:
2021 IEEE 94th Vehicular Technology Conference, VTC 2021-Fall - Proceedings

DOI (link to publication from Publisher):
10.1109/VTC2021-Fall52928.2021.9625273

Publication date:
2021

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Martinez, E. J., Rodriguez, I., Lauridsen, M., Wigard, J., & E. Mogensen, P. (2021). Time-correlated Geometrical
Radio Propagation Model for LEO-to-Ground Satellite Systems. In 2021 IEEE 94th Vehicular Technology
Conference, VTC 2021-Fall - Proceedings [9625273] IEEE. IEEE VTS Vehicular Technology Conference
Proceedings https://doi.org/10.1109/VTC2021-Fall52928.2021.9625273

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/VTC2021-Fall52928.2021.9625273
https://vbn.aau.dk/en/publications/427530a8-f79a-45d7-8b93-b290b2b5428e
https://doi.org/10.1109/VTC2021-Fall52928.2021.9625273


Time-correlated Geometrical Radio Propagation
Model for LEO-to-Ground Satellite Systems

Enric Juan∗, Ignacio Rodriguez∗, Mads Lauridsen†, Jeroen Wigard † and Preben Mogensen∗†
∗Wireless Communication Networks Section, Department of Electronic Systems, Aalborg University, Denmark

†Nokia, Aalborg, Denmark
‡ejm@es.aau.dk

Abstract—Low-Earth orbit (LEO)-based satellite communica-
tion systems are envisioned to be a next-generation key asset for
telecom industry due to their potential to deliver global and seam-
less mobile broadband services. The high-speed mobility relative
to Earth, that characterizes LEO orbits, will pose time-varying
propagation conditions impacting the system performance in
terms of mobility, availability and user throughput. Therefore, in
LEO satellite systems, it is fundamental to understand accurately
the signal variations between mobile satellites and users on
the ground. This paper presents a radio propagation model
able to describe realistically the time variations of the LEO-
to-Ground path loss, including the line-of-sight changes and the
impact of the surrounding built-up structures. We propose a
low-complexity geometrical approach based on intelligent ray-
tracing that considers the general dependencies on the elevation
angle. The resulting model has been validated for a suburban
scenario, exhibiting an overall root mean square error of 1.1
dB. Furthermore, the time-correlated geometry-based model is
suitable for system-level radio mobility simulations with LEO-
to-Ground satellite systems.

I. INTRODUCTION

Low Earth orbit (LEO) satellite networks have become
a reality with the initial deployments of constellations by
SpaceX and OneWeb. Driven by the development of new low-
cost space technologies and the reduction of launching costs,
space is a rising market with many new players convinced of
its potential [1]. Organizations and companies in the 3rd Gen-
eration Partnership Project (3GPP) continue working towards
the integration of satellites into 5G networks, which aim at
meeting the high-demand for internet services by providing
global and seamless broadband access. Proof of this is the
completion of two study items [2] [3] for Rel-15 and Rel-16
and the ongoing work item [4] for Rel-17.

The deployment of satellite constellations at relatively low
altitude, between 600 km and 1200 km, has unique capabilities
such as a reduced latency and a more favourable link budget
compared to higher orbits like the geostationary orbit (i.e.
35.786 km height). A key challenge for LEO-based systems
is the rapid movement of the satellites with respect to the
Earth’s surface, i.e. approximately 7.5 km/s. Even for ground
stationary user equipments (UEs), this translates into fast and
continuous changes of the propagation conditions which have
a clear impact on the system performance.

To enable LEO-based 5G access, it is paramount to un-
derstand and address the time-varying dynamics of the radio
propagation links between LEO systems and the UEs on the

ground. Many research efforts have acknowledged the impor-
tance of the channel modelling, however, satellite-to-ground
channels, considering time-varying satellite mobility, have not
received as much attention as in terrestrial deployments. The
most relevant and up-to-date studies are the works done by
the International Telecommunications Union (ITU) and the
3GPP. In the report P.681 [5], the ITU defines its recom-
mendations to predict the propagation impairments in the land
mobile-satellite links. Even though the model includes some
considerations regarding LEO satellites, only UE mobility is
considered. On the other hand, 3GPP addressed the channel
modelling for non-terrestrial network (NTN) in [2]. Despite the
technical report considers model parameters for LEO satellites
such as the probability of line-of-sight (LOS), clutter loss and
shadow fading, movement of the satellites is not supported.
Hence, the model does not define the correlations over time
of the channel parameters.

Modelling the time correlations is fundamental to facilitate
the design, development and planning of LEO-based NTN, as
the mobility performance of the system needs to be carefully
evaluated to ensure satisfactory end user experience. In [6] we
conducted system-level simulations to evaluate the 5G New
Radio mobility performance in LEO-based NTN, where we
had to assume a constant LOS for the satellite-to-UE links due
to the lack of a suitable channel model in terms of mobility.
Later on, initial steps were done towards a model able to
capture the time correlations in [7], where we proposed a
Markov-based model to realistically determine the LOS state
transitions. In this paper, we complete our previous work by
proposing a model that predicts the signal strength variations
caused by effect of LOS obstructions considering stationary
users on the ground and mobile satellites. The model describes
the path loss and the shadow fading as a function of a given
channel state transition point. The model is built on the basis
of models for terrestrial radio deployments to define how
the diffraction and reflection physical phenomena changes
over elevation angle. Furthermore, the developed large-scale
propagation model is able to achieve a compromise between
accuracy and simplicity resulting in a useful extension to the
channel model for NTN reported by the 3GPP.

The remainder of the paper is structured as follows: Section
II introduces the terrestrial models used as a baseline for our
model. Section III describes our proposed geometrical model
and illustrates its dynamics. The ray-tracing simulations used



Fig. 1: Geometric concept to illustrate the radio wave interactions of LEO-to-ground links.

for validation of the model are presented in Section IV, while
in Section V we discuss the overall accuracy of the model.
Section VI elaborates on the extraction of applicable shadow
fading parameters and, finally, VII concludes the paper.

II. BASELINE RADIO PROPAGATION MODELS

Several terrestrial radio propagation models have described
radio link situations in built-up areas that are close to the
one experienced in the LEO-to-Ground scenario. Hereafter,
we provide a brief description of the models used as baseline
for developing our model.

A. Knife-edge diffraction model

The ITU collected in its recommendation P.526 [8] several
models to study the effect of diffraction on the received field
strength, including the widely used model known as knife-edge
diffraction. This model ignores the roughness of the material
by considering an ideal and infinite edge and adjusts the loss
based on the dimensionless parameter v (see [8, Eq. (26-29)]).
Further details of this parameter are discussed in Section III.

B. Ikegami and Walfisch models

Ikegami et al. published in [9] a model based on geometrical
optics assuming a simple two-ray approach; a direct rooftop-
to-street diffracted ray and a ray reflected by a building across
the street. Later on, Walfisch and Bertoni proposed in [10] a
model addressing the impact of buildings in the propagation
between base stations and UEs. Both models were later
combined in [11] to address the limitations of each individual
model. Nonetheless, the accuracy of the resulting model is
limited to an environment where the range of parameters such
as the slant range and the transmitter antenna height are up to
5 km and 50 m, respectively.

III. PROPOSED GEOMETRICAL MODEL

A. Geometry description

Radio signals from LEO satellites can be attenuated by
buildings located near the UE. These signals propagate
blockage-free over long distances and interact with the built-
up area prior to reaching the UE. We denote the free-space

segment as the path that the radio signal covers under free-
space conditions, while we refer to the clutter segment as the
portion of the path where the signal propagates in built-up
areas. This scenario is depicted in Fig. 1, where the LEO
satellite is at an altitude of hsat, at a distance dsat and with
an elevation angle of αsat with regards to the UE, located
at a height of hUE surrounded by buildings. The LOS path
is obstructed by Building 1 with a height of hB . The signal
reaches the rooftop of Building 1 with angle α1, measured
from the satellite-UE plane, and grazes towards the UE with
angle αsp. We term αsp as the switching point because the
angle denotes the line between NLOS and LOS conditions.

The model assumes a geometrical approach based on two-
rays: a ray diffracted at the rooftop of Building 1 and a ray
reflected by Building 2 after grazing over Building 1. For
further clarification, both rays are illustrated in Fig. 1. We
assume Diffraction 1 varies depending on angles α1, αsat and
αsp, while Diffraction 2 remains constant with the edge of
Building 1 just in line between the satellite and the reflection
spot on Building 2.

B. Formulation

Following the scenario just described, the overall path loss
(PL) is estimated in Eq. 1 according to the channel conditions.
We use the model in [7] to generate time-correlated LOS and
NLOS states as a function of αsat and define the values of αsp.
Once the LOS/NLOS states are computed, the geometrical-
based radio propagation loss is calculated for the different
states by splitting PL in three components: free-space LFS ,
clutter LC and shadow fading χ, where LC is negligible when
the UE is in LOS conditions.

PL =

{
LFS + χ, if LOS
LFS + LC + χ, if NLOS

[dB] (1)

Signal attenuation under free-space conditions is calculated
in Eq. 2 according to the carrier frequency fc (GHz) and the
distance dsat (m), where RE denotes Earth radius. The term
dsat, shown in Eq. 3, is computed as the 3GPP reports in [2].



LFS = 20 log10 (dsat) + 20 log10 (fc) + 32.45 [dB] (2)

dsat =

√
R2
E sin (αsat)

2
+ h2sat + 2hsatRE

−RE sin (αsat)
[m] (3)

The clutter loss LC addresses the shadowing loss caused
by surrounding buildings and objects. As shown in Eq. 4,
the term is computed by the root mean square and comprises
two components: a variable contribution accounting for the
rooftop-to-street diffraction LD and a constant attenuation
derived from the reflection on the building on the opposite side
of the street LR. Both components are estimated independently
and described below.

LC = −10 log10

(
10−

LD
10 + 10−

LR
10

)
[dB] (4)

The component loss LR is calculated in Eq. 5 and accounts
for the reflection loss in Building 2 and the grazing diffraction
in Building 1. The first part is computed based on a given
reflection coefficient (ΓR) and assuming the parity of the an-
gles of incidence and reflection on Building 2. The diffraction-
based loss (LD,180◦ ), with the obstruction just in line, is half
of the value in free-space conditions, i.e. a loss of 6 dB.

LR = −20 log10 (ΓR) + LD,180◦ [dB] (5)

The diffraction-based contribution LD is computed as a
knife-edge diffraction loss by approximating Building 1 as an
ideal absorbing edge. For that purpose, we use the expression
in Eq. 6 which accounts for an approximation of the Fresnel-
Kirchoff loss J(v) reported in [8, Eq. (30)].

LD = 6.9+20 log10

(√
(v − 0.1)2 + 1 + v − 0.1

)
[dB] (6)

The value of LD, in Eq. 6, is considered valid for values
of v greater than zero. The term v, defined in Eq. 7, is key to
capture the dynamics of the model by adjusting the diffraction
loss with regards to the position of the satellite, the knife-edge
and the UE. Moreover, note that we tune v to depend on the
wavelength λ, the slant range dsat and the angular difference
∆sp, which is defined as the absolute difference between the
angles αsp and αsat in radians.

v =

√
2

λ
dsat α1 |αsp − αsat| =

√
2

λ
dsat α1 ∆sp [−] (7)

For the estimation of the angle α1, in Eq. 8, we use the
approximation r1 ≈ dsat, which is valid for values of r1 � r2.

α1 = arctan (h/dsat) [rad] (8)

We compute the height of the knife-edge (h) as follows:

h = hoff sin (∆sp)
√

1 + cot2 (αsp) [m] (9)

Fig. 2: Path loss map of Arlington Heights for a LEO satellite rising
from North-West at 10° elevation angle and at 600 km height.

hoff = hB − hUE [m] (10)

Further, the model considers log-normal shadow fading (χ)
with zero mean and variance σ2

χ, i.e. χ ∼ N(0, σ2
χ), and as a

function of the angular term ∆sp. Further details are discussed
in Section VI.

C. Model Discussion

In this section we have defined a model for the estimation
of the large-scale aspects of the propagation. The small-scale
fading caused by interference of multipath is out of the scope
of this work and it is covered by 3GPP in [2].

Together with the work in [7], we address the novelty of
modelling the time correlations of LEO-to-Ground satellite
systems. The modelling is done as a function of the elevation
angle instead of time to facilitate the calculations - we propose
a geometrical model - and is based on the fact that time and
space are intrinsically related.

The model automatically adjusts the propagation conditions
and path loss according to values of αsat and αsp. The
dynamics of the model have been checked to model elevation
angles from 10° to 170°, as defined by the 3GPP in [2]. The
angle αsp may take any value in the application range of
αsat. We neglect the estimation of the horizontal distance from
Building 1 to the UE since it is self-contained in αsp.

IV. RAY-TRACING SIMULATIONS

Ray-tracing simulations are conducted to validate the the-
oretical model as well as to study LEO-to-Ground signal
propagation. Similarly as in [7], we simulate a suburban envi-
ronment since we consider suburban and rural key scenarios
for NTNs. For that purpose, we use a map of Arlington
Heights village (western Chicago) with scattered low resi-
dential houses, an area of 840 m × 780 m and a maximum
building height of 10 m. Despite ray-tracing is a valid tool
for validation, real measurements can be useful to refine the
model and enable further scenarios. Therefore, further study
is encouraged to gain more insight on the topic.

The simulations are done in WinProp [12] using 3D intel-
ligent ray-tracing, considering a limit of 2 diffractions and 1
reflection per ray with a spatial pixel resolution of 1 m. We



Fig. 3: Ray-tracing simulated clutter loss traces as a function of the
elevation angle, at three different locations with non line-of-sight to
line-of-sight transitions at 30°, 50° and 70° elevation angle.

use a limitation of 10 rays per pixel and set a carrier frequency
of 2 GHz. We compute time traces of the received power at
outdoor pixels at 1.5 m height. A LEO satellite flies over the
area at an altitude of 600 km and at elevation angles ranging
from 10° to 170°.

We simulate the received power (PRX ) over roughly
456 000 pixels, where the contribution of each ray is coher-
ently superposed. The path loss at the ith pixel is calculated
by considering isotropic transmitter power PTX = 10 W. Fig.
2 shows the path loss heat-map of one of the simulations con-
sidering a transmitting LEO satellite at an altitude of 600 km
with coordinates 44° N and 109° W, which corresponds to an
elevation angle of 10°. From the resulting path loss, the clutter
loss at the ith pixel location can be estimated as detailed below.

CLi = PTX,i − PRX,i − LFS,i [dB] (11)

Fig. 3 shows the angular clutter loss variations at a given
location as the LEO satellite flies over the scenario varying
its αsat. The traces, obtained from the ray-tracing data, corre-
spond to locations with different NLOS/LOS angular transition
characteristics, i.e. switching points αsp at 30°, 50° and 70°.

V. VALIDATION OF THE MODEL

This section presents the validation of the time-correlated
geometrical model against ray-tracing simulations for a carrier
frequency of 2 GHz. To that end, we tune the model by
considering a building height of hB = 6 m and a UE placed
at hUE = 1.5 m. To choose the building height value we
consider two-storey houses with an average floor height of
3 m, which is well in line with the average building profiles
in suburban areas. The satellite is at an altitude of 600 km
with αsat ranging from 10° to 90°. We account a constant
value of 16.45 dB for LR (Eq. 5) by considering a reflection
coefficient of |ΓR| = 0.3 and LD,180◦ = 6 dB.

The model is compared against the ray-tracing simulations
described in Section IV in terms of mean clutter loss. For

Fig. 4: Average clutter loss traces from ray-tracing (RT) and model
(MD) for non line-of-sight to line-of-sight transitions at 30°, 50° and
70° elevation angle.

illustrative purposes, we compute the clutter loss LC using Eq.
4 for three switching points; αsp = 30◦, 50◦, 70◦. Regarding
the ray-tracing, we average the clutter loss values from all
locations in the scenario that have the same switching angle.
Fig. 4 shows the predicted and the simulated mean clutter loss
as a function of αsat. As one can observe, the model predicts
the same trend observed in the ray-tracing. The traces follow
a similar pattern which can be split in two stages. A first
part where the clutter loss at low elevation angles remains
constant or falls gently, showing a loss response around 15–
18 dB. The second part begins approximately 20° before the
NLOS-LOS transition where the loss value decreases steadily
until the switching point, i.e. αsat = αsp. For values of αsat ≥
αsp, the model predicts exactly 0 dB, while the ray-tracing
traces show values near 0 dB. By analysing the propagation
of the rays in the simulations, we observe that these effects
are physically consistent if we consider that the reflected ray
is the dominant for low elevation angles. Then, as long as the
satellite rises, the rooftop-to-street diffraction gains relevance
until the switching point, where the UE is no longer obstructed.

Even though the 3GPP model do not support satellite’s
mobility, another aspect to underline is the close conformity
between the clutter loss obtained with our model and the
clutter loss for suburban and rural scenarios, in the range of
16–19 dB, reported in [2, Table 6.6.2-3].

To quantify the accuracy of the model we calculate the
root mean square error (RMSE). Regarding traces where αsp
ranges from 20° to 80°, the RMSE is in the range of 0.9–
1.5 dB with a mean of 1.1 dB. The maximum RMSE is
observed at αsp = 80◦ and is due to the low number of NLOS
to LOS transitions at high elevation angles.

VI. MODELLING OF THE SHADOW FADING

This section analyses and models the shadow fading χ as
a function of ∆sp = |αsp − αsat| and is based on the ray-
tracing simulations. We compute the shadow fading samples



std deviation Decorrelation distance
Angular distance σχ (dB) αcorr (◦)

∆sp (◦) LOS NLOS LOS NLOS

10 2.3 4.2 2.6 2.5

20 1.4 5.1 2.8 3.1

30 1.1 5.6 2.9 4.5

40 0.9 6.1 2.9 6.4

50 0.6 6.2 3.0 8.7

60 0.4 6.5 3.1 10.5

70 0.3 7.1 3.1 11.9

80 0.3 7.4 3.2 12.6

TABLE I: Shadow fading parameters for non line-of-sight conditions
modeled from the ray-tracing simulations.

Fig. 5: Time-correlated overall path loss trace including free-space
path loss, clutter loss and shadow fading for a user transitioning from
non line-of-sight to line-of-sight at 50° elevation angle.

with the procedure detailed as follows. We first create a
grid SF composed by the path loss values from each pixel
location. SF is generated per elevation angle and the samples
are labeled with regards to the LOS conditions. Discerning
between NLOS and LOS pixels, we subtract the mean path
loss to the individual samples of SF . As a result, we obtain
distributions per elevation angle and LOS conditions. Such
approach assumes that all pixels at a given elevation angle are
at the same distance dsat from the satellite, which dominates
over any ground distance.

The analysis of the processed data shows that σχ,nlos
decreases as ∆sp decreases. Table I reflects the standard
deviation of the shadow fading (σχ) as a function of ∆sp

with a 10° step, where σχ is taken from the nearest reference
value of ∆sp. It is worth noting that values of σχ for
LOS conditions are in the range of 0.3–2.3 dB. Compared
with NLOS conditions, this results in a lower impact when
modelling as a function of ∆sp.

Table I also provides the decorrelation distance (αcorr). Typ-
ically in system-level simulations, shadow fading is computed
independently in time. However, the shadow fading effect of
the same radio link is usually highly correlated. In a similar

fashion, we model this parameter as a function of ∆sp. For
that purpose, we compute the autocorrelation function of the
shadow fading (R(∆sp,∆sp−τ)) and estimate αcorr for those
values of αsat that meets the condition R = 1/e based on [13].

Fig. 5 depicts a time-correlated trace generated by the
complete channel model. Firstly, the LOS model in [7] defines
the channel states of a LEO-to-Ground link with a NLOS-
LOS transition at 50°. Secondly, the model computes the mean
path loss split in two parts: the free-space and the clutter
components, as described in Section III. Finally, the correlated
shadow fading is generated and applied accordingly.

VII. CONCLUSIONS

In this paper we have presented a model which captures the
time-varying radio propagation conditions for low-Earth orbit
satellite-to-ground links. We have analysed the large-scale
changes of the received signal’s power caused by obstructions
appearing in the line-of-sight path due to the movement of the
satellite. We have proposed a model that predicts the overall
path loss discerning between free-space path loss, clutter loss
and shadow fading. For the modelling of the clutter loss we
have extended a combination of existing models for terrestrial
deployments by including the full range of motion of a satellite
in terms of elevation angle dependency. Furthermore, the
model is geometry-based and it can be tuned accordingly. The
results show a close agreement between the mean clutter loss
from the designed model and the ray-tracing with an average
root mean square error of 1.1 dB, regardless at what elevation
angle the channel state transition occurs. The model can be
conveniently used for system-level simulations targeting LEO
satellite-to-Ground mobility aspects.
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