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Abstract—The paper investigates the variation of the received
line-of-sight power due to ground multipath propagation for the
L-band air to ground radio channel. Within, both theoretical as
well as results taken from flight trial measurements are presented.

In theory, ground multipath propagation leads to periodic
amplification and attenuation of the received line-of-sight power.
Measurement data presented within the paper confirms that in
general, the variation can be well modeled by introducing an
additional ground multipath component. Nevertheless, in reality
strong signal variations do not appear as often as expected, i.e.
the reflection off the ground is strongly attenuated.

Two main reasons can be identified attenuation. First, ground
multipath propagation can be blocked by nearby buildings,
terrain features or vegetation. Second, a rough ground surfaces
causes the incident radio waves to be reflected in all directions.
This effect is called scattering and results in only a small portion
of the power being received at the aircraft.

I. INTRODUCTION

The Communication Navigation and Surveillance (CNS)
infrastructure in civil aviation is currently undergoing a major
innovation process to allow higher traffic levels and more
efficient flight operations.

On the communication side, new ground based systems are
being developed to replace the analog very high frequency
(VHF) voice link [1]. As for navigation, in the future pilots
in civil aviation will mainly rely on global navigation satellite
systems (GNSS). Nevertheless, ground based radio navigation
systems will still play a vital role as alternative positioning
navigation and timing (APNT) systems in the future navigation
infrastructure. APNT systems are used as backup in case
the primary satellite based navigation infrastructure becomes
unavailable [2], [3]. Both ground based communication and
navigation systems are assigned to use the L-band frequency
range. In order to guarantee reliable communications between
ground and air and allow for accurate positioning, it is crucial
to understand and model the propagation characteristics of
the air-to-ground (A2G) radio channel [4]. Hereby, multipath
propagation plays a major role, as it can degrade both com-
munication and navigation performance [5], [6].

A multipath component (MPC) arises, when part of the
emitted signal is reflected via one or more reflection points
towards the receiver. Hereby, we distinguish between two
types of multipath propagation: lateral multipath propagation,
i.e. reflections of buildings or objects, and ground multipath
propagation. Lateral multipath propagation can produce MPCs
with a delay able to introduce a range estimation error [7].
In contrast to that, reflections off the ground usually have
a very short delay. The resulting constructive or destructive
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Fig. 1. Schematics of ground multipath propagation. For simplicity we assume
a flat surrounding around the ground station antenna.

interference of the MPC with the direct line-of-sight (LoS)
propagation path leads to an attenuation or amplification of
the latter. Hereby, the attenuation of the received LoS power
is of great interest, as it has a direct impact on the performance
of both communication and navigation systems.

In this contribution, we focus on ground multipath propa-
gation causing a variation, i.e. amplification or attenuation, of
the received LoS power. The analysis of the ground multipath
propagation is based on a theoretical analysis as well as on
measurement data collected in 2013 by DLR [7]. Therefore, in
Sec. II we begin by describing the theoretical background of
ground multipath propagation and its influence on the received
LoS power. In Sec. III we compare the theoretical results with
measured LoS receive power. Sec. IV deals with the modeling
of the effects of ground multipath propagation. The paper is
concluded in Sec. V with a discussion of the obtained results
and an outline of future work.

II. THEORETICAL BACKGROUND OF GROUND MULTIPATH
PROPAGATION

By a ground MPC we define a reflection with a short delay
relative to the LoS propagation path. Because of the short
relative delay, the ground MPC can interfere with the LoS
propagation path. The reflection points of such MPCs usually
lie on the ground surface surrounding the ground station'.

Fig. 1 shows the schematic of ground multipath propaga-
tion. The ground MPC with a propagation path length pympc
interferes with the LoS path. The result is an amplification or
attenuation of the latter. Using the ground distance d; between
ground station and aircraft

dy = \/(ﬁQ — (hac — hcs)2),

I Theoretically, the reflection point may also lie on a building, if the resulting
MPC has a short relative delay. Apart from a shorter life time of such a
MPC, which is caused by the limited dimensions of a building compared to
the ground plane, its characteristics are identical to a ground reflection. We
therefore do not differ between the two cases.
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Fig. 2. Variation of the received LoS power F s due to ground multipath
propagation (area size: 100 km x 100 km). The gray background shows the
theoretical received LoS power P s for an aircraft flying at a constant altitude
of hac = 10 km AGL. The colored line marks the received power for a flight
track conducted in 2013. During the flight the altitude changes between 0 and
10km AGL. The ground station position is marked by a black cross.

PMPC 18 given as

prtee = \/ (8 + (hac + hos)*). @)

By applying basic trigonometry, the grazing angle o, is
calculated as
_1 hac + has
p-lZAC TGS
dy
and the distance between ground station and the ground
reflection point dj is

3)

ag = ta

dy = L5 @

tan ag
Depending on the path length difference Apmpe = pmpe—p di-
vided by the carrier wavelength \., the ground MPC interferes
either constructively or destructively with the LoS propagation
path. The result is an amplification or attenuation of the latter.

A. Theoretical variation of the received LoS power

Fig. 2 shows the variation of the received LoS power F s
due to ground multipath propagation. Hereby, we assume a
ground antenna height of hgs = 23m, a flat surrounding
around the ground antenna, and perfectly reflecting ground
surface. The power is normalized to free space path loss
(FSPL) to allow an analysis independently from the distance
between ground station and aircraft. The ground station loca-
tion is marked by a black cross. The brightness of the gray
background represents the amplification (light) or attenuation
(dark) of the LoS path due to ground multipath propagation.
Hereby, we assume the aircraft to be at a constant altitude
of hac = 10km above ground level (AGL). The colored
line represents the theoretical received LoS power F,s for

a flight track of the 2013 measurements [7]. During the flight
the altitude changes between 0 and 10km AGL. Thus, the
locations of the fades for an altitude of 10km AGL (gray) do
usually not coincide with the fades for the conducted flight
track (colored).

In both cases, the received LoS power F s varies between
6dB and total attenuation, depending whether the ground
MPC interferes constructively or destructively with the LoS
propagation path.

From Fig. 2, we observe that for an aircraft flying at a
constant altitude, the variation of the received LoS path power
appears in a circular shape. With increasing distance between
ground station and aircraft p, the frequency of the received
LoS power variation decreases. An aircraft experiences longer
periods where the LoS path is received at a very low power
level. Similarly, decreasing the antenna height hgs also lowers
the frequency of the received LoS power variation (not shown
in Fig. 2).

We may get very unfavorable situations, if an aircraft flies
on a circle around the ground station. In that case the fades of
the received LoS power F o5 can last for a very long duration.

It is important to note that Fig. 2 shows the received
LoS power variation under assumption of a flat, perfectly
reflecting surface surrounding the ground station. The power
of the ground MPC can be severely attenuated as described in
Sec. II-B. The resulting variation of the received LoS is then
significantly decreased. Therefore, Fig. 2 is to be understood
as an upper bound on the received LoS power variation due
to a single ground MPC.

B. Ground MPC Power

The degree of amplification or attenuation of the received
LoS signal depends on the power of the ground MPC received
at the aircraft. Additional to the FSPL, the ground MPC can
be attenuated mainly in two ways. First, its propagation path
can be blocked or attenuated by buildings, terrain features or
vegetation. In the case of strongly attenuated ground multipath
propagation, the resulting variation of the received LoS power
P s is only very minor or not detectable.

Second, the ground MPC can be attenuated at the reflection
point on the ground. The ratio between the incident and
reflected amplitude is expressed by the reflection coefficient
I'. The magnitude of I' strongly depends on the material of
the ground, the grazing angle and the roughness of the ground
surface.

The reflection coefficient I' for a vertically polarized wave
for different smooth ground surface materials against the
grazing angle o, has been presented in [8], [9]. Based on
the given reflection coefficients I', the upper and lower limit
for received LoS power F s can be calculated as

1 —T]? < Pos < |1 +T)? 3)

Fig. 3 shows the maximum amplification and attenuation of the
LoS received power due to a single ground MPC depending
on the material of the reflecting ground surface and grazing
angle o;. The upper and lower limits are reached, if the ground
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Fig. 3. Upper (dashed line) and lower (solid line) limit for the received power
P os of the LoS path due to a single ground MPC. The reflection coefficients
for the different ground surfaces and grazing angles oy are taken from [8],
[9]. We assume a carrier frequency of 1 MHz.

MPC either constructively or destructively interferes with the
LoS path.

We observe a strong dependence on the grazing angle oy
and the material of the reflecting ground surface. The angle
at which the LoS is not influenced, e.g. about 6.3° for fresh
water, is called Brewster angle [10]. For grazing angles o,
above the Brewster angle, wetter surfaces can lead to a more
significant change of the received LoS power F .s. Never-
theless, independently from the ground material the received
power of the LoS path can experience large variations. For
very shallow grazing angles, i.e. o approaching 0°, almost
the entire power is reflected, i.e. total reflection appears. Thus,
the LoS path can either be completely attenuated or its power
amplified by 6 dB.

It is important to note, that Fig. 3 assumes a smooth ground.
Depending on the roughness of the reflecting surface, the
incident electromagnetic waves are not reflected in a single
direction, but rather scattered in all directions [10]. Scattering
can decrease the reflected power of a ground MPC to a degree
at which the received LoS power F s does not experience any
variation.

C. Lifetime of a ground MPC

As described in Sec. II-B, depending on the material and
roughness of the ground surface, the received LoS power
P ,s may experience large variations. The lifetime of a strong
ground MPC depends on how long its ground reflection stays
within the boundaries of a well reflecting area’. Thus, the
distance between ground station and the ground reflection
point dp and especially its change for a moving aircraft is
of interest for the lifetime of a ground MPC.

Fig. 4 shows the distance between the ground station and
ground reflection point dy versus the distance between ground
station and aircraft p. Fig. 4 is generated for different aircraft
altitudes hac. From Fig. 4 we observe that the distance

2Hereby, we assume that the ground MPC is not blocked.
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Fig. 4. Distance between the ground station and ground reflection point dg for
different aircraft altitudes hac (AGL) versus distance between ground station
and aircraft p.

between reflection point and ground station dy changes very
slowly for an increasing p.

Assume a small area of well reflecting material, e.g. con-
crete of size 100m x 100m. We also assume an aircraft at
an altitude of hac = Skm AGL, starting from a distance
of p = 50km and flying on a straight course at a speed of
500km/h away from the receiver. In that case, the reflecting
area will lead to a strong ground MPC visible for roughly
10 min. As areas of that or bigger size often exist in all kind
of environments, especially airports, the influence of ground
multipath propagation can persist for a long time. Note, that if
the aircraft is flying on a different course, e.g. circularly around
the ground station, a strong ground MPC may be received for
even a longer time from an area of the size mentioned above.

III. MEASURED RECEIVED LOS POWER

In this section we present results on the received LoS
power F s based on flight trials DLR conducted in 2013 [7].
The measurements were performed using a bandwidth of
10 MHz at a carrier frequency in the L-band (970 MHz). In
the theoretical results presented in Sec. II we assume a flat,
perfectly reflecting ground surface. In contrast to that, during
the flight trials the ground antenna is located in a significantly
more complex environment. The environment consists of large
and small hangar buildings, as well as civil infrastructure, such
as office buildings, and large open spaces of either grassy or
concrete surface. The overall terrain features small hills and
larger forest areas.

Fig. 5 shows the received LoS power P s based data from
flight measurements [7]. About 100min of measurement
data is visible in Fig. 5. Large banking angles can lead to
a significant attenuation of the received LoS power P s due
to shadowing by the airframe. As we are not interested in those
effects, we exclude data points where the aircraft is banking
strongly (absolute roll angle above 5°).

From Fig. 5 we can identify several regions in which the
attenuation of the LoS path is most likely caused by a ground
MPC. Especially, when the aircraft is flying circularly around
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Fig. 5. Received LoS power P s based on measurements from [7] (area size:
100 km x 100 km). Data points, where the aircraft is banking are excluded.
The ground station position is marked by a black cross (Map: (©Google).

the ground station, fades of the received LoS power F s
lasting longer than 30s can be observed (compare Fig. 2).
In those situations, the measured received LoS power is
attenuated by more than 20 dB.

However, in contrast to Fig. 2, the measured received LoS
power does not always experience strong variations. The most
plausible explanation is that the ground MPC is strongly
attenuated. Therefore, it is not able to attenuate the LoS
propagation path.

As described in Sec. II-B, the attenuation can be due to
blockage by the terrain or a weakly reflecting or rough ground
surface. Good examples for strong and weak ground MPCs are
the two straight parts of the flight tracks top right corner of
Fig. 5, marked in blue and red, respectively. While flying on
the course north marked in blue, the measured received LoS
power Fp,s undergoes strong and periodic oscillations. When
flying on a north-east course marked in red, the measured
received LoS power P g experiences almost no variation.

A good explanation of this behavior can be found in Fig. 6,
in which the two flight tracks are shown on an photograph
as observed from the ground station position. No buildings
exist in the direction of the blue flight segment, so the ground
MPC can arrive at the aircraft unimpeded. In case of the red
flight segment, the ground MPC is most likely blocked by the
underlying building. Other segments of the flight in which no
variation of the received power is observed can usually be
explained similarly using a photograph like Fig. 6.

Overall, we can conclude, that strong variations in the
received power can be observed during the measurements. This
effect is attributed to ground multipath propagation. Never-
theless, a strong ground MPC is very often not present. The
ground MPC may be strongly attenuated during its reflection
off the ground or completely blocked by surrounding buildings
or terrain.

Fig. 6. Flight tracks of the blue and red segment from Fig. 5 as seen from
the antennas point of view.
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Fig. 7. DEM of the area surrounding the ground station antenna. The elevation
is given relative to the ground station antenna. The track of the ground
reflection point for the presented flight segment is marked in black.

IV. MODELING OF RECEIVED LOS POWER

In the previous section Sec. III, results on measured received
LoS power Fos over a long duration are presented. In this
section, we determine, if we are able to predict the variation
of the received LoS power P os. The modeling serves two
reasons. First, we can verify that a measured variation of the
received LoS is really caused ground multipath propagation.
Second, modeling of the ground multipath propagation is an
integral part, when developing an A2G channel model. A
qualitative analysis of how well the measured LoS power
variation can modeled is of great interest.

As described in Sec. II, we represent the ground multipath
propagation by single ground MPC. The result is a model
with two propagation paths [10]. The ground station antenna
is located at a very complex environment, featuring different
buildings and terrain. Therefore, to calculate the ground station
antenna height hac over the ground plane for a given point, it
is necessary to employ a digital elevation model (DEM) [11].
Fig. 7 shows the elevation of the ground, relative to the ground
station antenna. From Fig. 7, we can identify several high
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Fig. 8. Measured and predicted received LoS power P os. For the prediction
we assume a reflection coefficient I' = 0.9.

buildings and other terrain features. Thus, a ground reflection
point lying on the roof of such a building will effectively
reduce the ground antenna height hac.

Using the DEM and the formulas described in Sec. II, we are
able to model the ground multipath propagation. The estimated
ground reflection point is shown in Fig. 7. Fig. 8 presents
the results for both the measured and estimated received
LoS power Fos. As we do not have precise information
about the reflection coefficient I' of the different ground
surfaces, we assume I' = 0.9. During the investigated segment
the combined antenna gain (ground and aircraft antenna) is
expected to be roughly between —3 dBi and 0dBi.

From Fig. 8 we observe that the two path model is able to
qualitatively predict the variation of the received LoS power
P os. Nevertheless, the exact power level depends on the
reflection coefficient I' of the ground as well as the gains of
the employed antennas. As exact values for those parameters
are often hard to estimate, an offset in the received power is
likely.

While the ground reflection point is located on the metal
roof of the neighboring hangar (p < 58 km), the variations
of the modeled received LoS power P ,s match the mea-
surements. After passing over the roof, the reflection point
moves over a parking lot (58 km < p < 78km). During that
time, the model does not match the measurements very well.
The mismatch is best explained by the very complex ground
surface, which features cars, several trees, and other uneven
surfaces. Especially the parking lot may have looked very
different during the time the DEM was generated, compared to
the day the measurements were performed. Later, the reflection
point is located on open fields (78km < p). Here, the
two path model generally shows a very good match for the
measurements.

Overall, we can conclude, that in a case of a strong variation
of the received power, the fades of the received power can be
very well predicted using a two path model. However, only
a part of the entire surface around the transmitter produces
a ground MPC visible at the aircraft. Thus, to model ground
multipath propagation for the entire ground station environ-

ment, we can define areas on the ground producing a ground
MPC visible at the aircraft. This method allows a very simple
description of the complex ground station environment with
respect to ground multipath propagation.

V. CONCLUSION AND OUTLOOK

In this contribution we analyzed ground multipath propa-
gation and its effect on the received LoS power in the A2G
channel.

Both theory and measurements show that ground multipath
propagation can lead to a significant variation of the received
LoS power. Strong fades of the received LoS power exceeding
—20dB and lasting over 30s were observed. Nevertheless,
during the measurements a strong MPC is not always present.
Very often the ground MPC may be strongly attenuated
during its reflection off the ground or completely blocked by
surrounding buildings or terrain.

At locations, where a strong ground MPC exists, the re-
sulting variation of the received LoS power can usually be
modeled very well using a two path model. However, due to
the complex ground station environment of the measurements,
a DEM has to be employed.

Future work will be focused on the development of a
geometry-based stochastic channel model (GSCM) of the
A2G channel. Hereby, the modeling of the ground multipath
propagation is an integral part. As results in this paper indicate,
a ground station environment can be described by areas on the
ground producing a ground MPC visible at the aircraft.
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