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Abstract—In this paper, we investigate a sub-optimal but
efficient receiver structure for the equalization of aeronautical
communications via a satellite link. The structure is based on
the inherent sparsity of the equivalent discrete baseband channel
model that enables an efficient implementation based on simple
parallel trellis using Maximum A Posteriori (MAP) detection
combined with iterative residual interference estimation and
cancellation. The proposed scheme is shown to be very efficient
while significantly decreasing the complexity compared to a MAP
receiver that does not exploit the sparsity of the aeronautical
channel.

I.

I NTRODUCTION

Nowadays, UAV (Unmanned Air Vehicle) fly almost exclusively in reserved airspace. However, in the near future, several
civil and military applications will require remote controlled
aircrafts to monitor a very large civilian land area [1]. Some
of the possible applications are environment surveillance and
pollution detection or surveillance of energy, transportation
and communications infrastructures. In this context, there is a
growing interest for designing highly reliable and cost effective
communication systems for both the command and the mission
links.
The considered communication system is composed of
three key links: land-aircraft, aircraft-satellite and satelliteaircraft. This paper will focus on the command link between
the satellite and the aircraft. In fact, in the scenario considering
for example UAVs controlled by satellite, it is essential to
correctly model the link between the satellite and the aircraft to
find appropriate solutions in order to fight against introduced
distortions and to ensure a highly reliable signal reception.
Generally, the studied link is composed of a line of sight
(LOS)path with added multipath echoes coming from the
ground and from waves scattered by the aircraft itself [2] [3].
The purpose of this paper is to make an efficient use
of the channel properties of aeronautical communications to
derive an enhanced structure for equalization. Based on the
characterization of the aeronautical channel widely used in the
literature, we study the discrete equivalent baseband channel.
We show that under classical mild assumptions, this channel
can be well represented by a “strong” sparse channel component plus some low power interference residual terms. Based
on this model, a simple but efficient equalization structure is
derived, that considers parallel trellis MAP receivers that are
only matched to the sparse channel component. The residual
interference term is iteratively mitigated by considering block

Fig. 1: Illustration of the geometry of the aeronautical communication channel.

based interference estimation based on hard outputs from
parallel MAP equalizers followed by interference cancellation
from the received signal at the input of the parallel equalizers.
Note that sparse channel equalization has still been considered
in several works [4]–[7], exploiting the sparsity mainly using
parallel trellis based detection algorithm such as Viterbi or
MAP algorithms. For equalization of zero padded sparse
channels, the parallel MAP receiver is shown to be optimal
[5], [6], [8]. For more general sparse channels, interference
cancellation has been taken into account by introducing intertrellis interference mitigation between parallel trellis, but at the
expense of additional complexity due to the need for proper
scheduling [7], [9]. Several extensions of these works have
been considered for application in turbo-equalization [6], [10],
[11]. In this paper, the interference mitigation is completely
revised to enable an easy and efficient implementation.
This paper is organized as follows. Section II summarizes
the theoretical channel baseband model. The discrete equivalent baseband channel is derived and analyzed in Section III.
Based on this analysis, the proposed structure for efficient
equalization of the aeronautical channel is given in Section IV.
Simulation results are presented in Section V and section VI
concludes the paper.
II.

BASEBAND CHANNEL MODEL

The aeronautical satellite channel is characterized by a
strong line of sight (LOS) component that is present most

of the time. Depending on the type of terrain and the geometry, multiple delayed reflections from the ground arrive
at the aircraft with a certain attenuation compared to the LOS
component. Furthermore local scatterers from the fuselage of
the aircraft might deteriorate the signal as shown in Fig. 1.
Especially the big surface of the wings of the aircraft may be
the source of non-negligible scattered components.
For this type of channel, a model is proposed in [12]. it is
composed of two main paths: a line of sight (LOS) path and a
ground reflection (GR) path. For the LOS path, a large part of
the signal arrives directly from the satellite, but another part
also occurs from reflections on the surface of the aircraft. The
complex envelope of the received signal for the LOS path can
be written as follows:
p
yLOS (t) = [ PD + αSCAT (t)] e2πjfLOS t x(t), (1)

where PD is the power of the direct component, αSCAT represents the fading due to local scattering, x(t) is the complex
envelope of the emitted signal and fLOS is the Doppler shift
given by
vx cos(Ψ) + vz sin(Ψ)
fLOS =
,
λ
with λ the wavelength , (vx , vy , vz ) the aircraft speed coordinates and Ψ the elevation angle (see Fig. 1).

Fig. 2: Blocks generating αSCAT and αGR

As shown in Fig. 2, both fading components αSCAT and
αGR can be generated by filtering white Gaussian noises with
Gaussian filters whose impulsional responses can be written
as:
2
π 2 BSCAT
t2 )
2
2
π 2 BGR
hGR (t) = exp(−
t2 ),
2

hSCAT (t) = exp(−

Similarly, the complex envelope of the received signal for
the GR path can be written as
yGR (t) = αGR (t) e2πjfGR

t

x(t − τGR ),

(2)

where the different terms have the following meanings and
expressions:
•

τGR is the delay spread given by the path difference
between the GR and the LOS paths divided by the
speed of light c. Based on geometrical considerations,
we can derive it from the following expression
2 H sin(θ)
,
c
where H is the height of the aircraft above the ground
and θ the incidence angle of the signal coming by
ground reflections (see Fig. 1).
τGR =

•

αGR is the corresponding fading. Its expression assumes that the arrival signal is a beam of many signals,
each one arriving from an angle θk and corresponding
to an attenuation ak , a delay τGR + εk , where
εk ≪ τGR , and a frequency shift ∆f k = f (θk ). If
fc is the carrier frequency, the expression is given by
αGR (t) =

X

ak e

2πj∆f k t

e

−2πj(τGR +εk )fc t

.

k

•

fGR is the Doppler shift. It is the mean value of the
different frequency shifts ∆f k and can be calculated
as
vx cos(θ) + vz sin(θ)
fGR =
,
λ
where θ is the mean value of the different arrival
angles θk . According to [13], ∆f k varies according to
a Gaussian distribution centered on fGR for a standard
deviation BGR
2 .

(3)
(4)

with
q
4×α
(vx sin(Ψ) + vz cos(Ψ))2 + (vy sin(Ψ))2 ,
λ q
4×α
=
(vx sin(θ) + vz cos(θ))2 + (vy sin(θ))2
λ

BSCAT =
BGR

α denotes the standard deviation of slope of the reflecting
surface on the ground. The white Gaussian noise is assumed
normalized. PSCAT and PGR respectively represent the scattering path and the ground path powers. Assuming that the
height of the aircraft in our coordinate system is constant
(vz = 0), the Doppler power spectrum gets wider with
increasing elevation. This was confirmed by the measurements
in [14] [15]. A last remark concerns the parameter α defined
by [13] in his theoretical model. The larger α is, the rougher is
the surface, the wider is the Doppler spectrum. Values around
0.07 or less are common. In fact the parameter alpha comes
from maritime communications. A value of 0.07 assumes
a sea surface with fully developed waves with a height of
approximately 4 m.
A block diagram summarizing a possible implementation
of the aeronautical channel is given in Fig. 3. The upper path
represents the LOS component including coherent multipath
coming from local scatterers. The lower path represents the
ground reflections composed of incoherent multipaths, assuming that all reflected components arrive within a short time
interval.
Finally, considering both LOS and GR components, the
impulsional response of the aeronautical channel can be finally
written as follows:
hc (t, τ ) = h1 (t)δ(τ ) + h2 (t)δ(τ − τGR ),

(5)

Fig. 4: λ1 (κ) and λ2 (κ) as a function of κ
Fig. 3: Aeronautical channel model

where
h1 (t) = [

p

PD + αSCAT (t)] e2πjfLOS t ,

h2 (t) = αGR (t) e2πjfGR t .

(6)
(7)

where ⌊(.)⌋ stands for the integer part of (.). Then, after
sampling at t0 + mTs , we have the following expression:
X
y(t0 + mTs ) =
ak r(t0 + (m − k)Ts ) + b(t0 + mTs )
k

=

am r(t0 ) + am−L r(t0 + LTs )

+
III.

D ISCRETE EQUIVALENT CHANNEL MODEL

+

A. Received signal
By calculating the correlation RHH (∆t) of the frequency
channel response H(t, f ) between two instants separated by
∆t, the coherence time Tc is the value giving R̃HH (∆t) = K,
(∆t)
| is the reduced correlation term
where R̃HH (∆t) = | RRHH
HH (0)
and K, 0 < K < 1, is the required correlation factor.
Since the signal arriving after reflection on the surface of
the earth has a low power compared to the signal coming
directly from the satellite, the calculation of the coherence time
can be simplified as follows:
s
kLOS
ln(K( kLOS
1
A + 1) − A )
,
(8)
Tc ≈
2 BSCAT
ln(0.5)
1
A= √
,
(9)
πBSCAT

k6=m
k6=m−L
κ
k6=m−L−( |κ|
)

+

k

where

r(t) = h1 g(t) + h2 g(t − τGR ),

y(t0 + mTs )

=

The delay of the second path can be rewritten as
τGR
⌋ + κ) Ts
τGR = (⌊
Ts
= (L + κ) Ts
− 0.5 < κ < 0.5,

(13)

h1 g(t0 ) am + h2 g(t0 ) λ1 (κ) am−L
κ
+ h2 g(t0 ) λ2 (κ) am−L−( |κ|
)
X
+h2
ak g(t0 + (m − k)Ts − τm )
|
{z
}
k6=m
k6=m−L
κ
k6=m−L−( |κ|
)

+

|

µk

{z

νκ (m)

b(t0 + mTs ).

(14)

The coefficients λ1 (κ) and λ2 (κ) are given the following
expressions (see also Fig. 4):
λ1 (κ)

=

λ2 (κ)

=

(11)

b(t) represents the filtered Gaussian noise with variance σb2
and Ts is the emitted symbol period.

b(t0 + mTs )

Thanks to Nyquist filtering g(t) and neglecting the term with
g(t0 + τGR ) associated to the symbol am , the expression of
the sampled signal can be simplified as

where kLOS represents the LOS Rice factor.
Assuming raised cosine shaping filter g(t) with a given
roll-off and stationarity of the channel during Tc , the complex
envelope of the signal before sampling can be written as:
X
ak r(t − kTs ) + b(t),
(10)
y(t) =

κ
κ
am−L−( |κ|
))Te )
) r(t0 + (L + (
|κ|
X
ak r(t0 + (m − k)Te )

=

g(t0 + LTs − τGR )
g(t0 − κTs )
=
g(t0 )
g(t0 )
κ
g(t0 + (L + ( |κ|
))Ts − τGR )
g(t0 +

g(t0 )
− |κ|)Ts )

κ
|κ| (1

g(t0 )

(15)

(16)

B. Simplified equivalent discrete channel model

(12)

Fig. 5 represents the signal r(t) as given in equation (10).
Coefficients h2 g(t0 ) λ1 (κ) and h2 g(t0 ) λ2 (κ) are inside the
main lobe of h2 g(t − τGR ) while all coefficients h2 µk are

}

Fig. 7: Proposed MAP equalizer structure
Fig. 5: Discrete equivalent channel filter, t0 = 0, κ = 0.3.
IV.

E FFICIENT CHANNEL EQUALIZATION

FOR THE

AERONAUTICAL CHANNEL

A. Existing equalization solutions for sparse channels

Fig. 6: Discrete equivalent channel model with one term for
residual interference

outside. Since almost 90% of the power of g(t − τGR ) is on
its main lobe, we can neglect the coefficients outside. In other
words, we can neglect νκ (m) in equation (14) to obtain
useful term

y(t0 + mTs )

main interference term

z }| {
z }| {
h̃2 am−L
= h̃1 am +
κ
+ g(t0 )λ2 (κ)h2 am−L−( |κ|
)
|
{z
}
residual interference term

+ b(t0 + mTs ),

where h̃1 = g(t0 ) λ1 h1 and h̃2 = g(t0 ) λ2 h2 .
As shown in Fig. 6, the received signal samples ym =
y(t0 +mTs ) can thus be obtained from the emitted symbols am
using the convolution with a sparse two taps (h̃1 , h̃2 ) channel
of memory L + 1 and adding a residual interference term.
This model is the simplest model that can be drawn from the
equivalent discrete channel model. Of course, the model can be
further refined by considering additional terms for the residual
interference term leading to a more accurate model for the
residual interference to be taken into account.

Sparse channel equalization has been considered in several
works [4]–[7] to exploit the sparsity, mainly using parallel
trellis based detection algorithm such as Viterbi or MAP
algorithms. For equalization of zero padded sparse channels,
the parallel MAP receiver is shown to be optimal [5], [6], [8].
For more general sparse channels, interference cancellation has
been taken into account by introducing inter-trellis interference mitigation between parallel trellis. This is done at the
expense of additional complexity due to the need for proper
scheduling [7], [9]. Several extensions of these works have
been considered for application in turbo-equalization [6], [10],
[11]. However, in these approaches, there is no consideration
for a particular structure of the sparse channel. In our context,
we try to take further benefit from the sparse nature of the
channel by considering the relative power levels of the different
channel taps to have an efficient interference cancellation
scheme combined with parallel equalizers.
B. Proposed MAP equalizer structure
Knowing the values h̃1 and h̃2 , the proposed equalizer
model as presented in Fig. 7 is composed of two blocks. The
lower block presents the Feed-back; it is used to remove the
residual interference term. The upper block is used to equalize
the underlying sparse channel [7] [6] [8]. This block is able to
equalize in parallel L streams of the received signal such that
in each stream, a channel with two successive taps [h̃1 , h̃2 ] is
equalized.
The receiver contains three main steps. In the first step,
the signal to be equalized is passed by the upper block composed of independent parallel Maximum A Posteriori (MAP)
equalizers, which considers the incoming block symbols as the
result of convolution with a sparse two taps channel assuming
that fading coefficients h̃1 and h̃2 are known. Thus, we
intentionally consider a mismatched decoding by neglecting
the effect of the residual interference. This is motivated by
the power distribution properties of the considered channels.
At the second step, the second block (Feed-back) estimates
and generates the interference term taking into consideration

Ψ

[C/M ]dB

5°

20°

40°

70°

6

14

22.5

40

TABLE I: C/M as a function of Ψ

a decision of outgoing symbols of the first block. After
generating the remaining interference, it is canceled from the
incoming signal before feeding to the parallel equalizers. In
the third step, the signal with reduced residual interference will
be detected using the parallel MAP equalizers. The detection
and interference cancellation steps are iteratively processed.
Compared to existing solutions, we do not consider interference cancellation between parallel trellis that leads to the
definition of a particular scheduling during the detection step.
We rather consider mismatched decoding while performing
block based interference cancellation from detected symbols
on the received signal.

Fig. 8: Uncoded BER BPSK, C/M = 6 dB

In this paper, we have considered Maximum A Posteriori
(MAP) equalizers. For each flow the complexity of the trellis it
equal to M , where M is the modulation order. Thus the complexity scales linearly with L. In result, the total complexity
of the proposed equalizer is equal to O (L × M ). Compared
to a conventional MAP equalizer with complexity M L+1 , the
proposed equalizer structure has a reduced complexity, that is
due to the parallel trellis structure inherited from the sparse
component of the channel.
V.

S IMULATION RESULTS

A. Simulation parameters
Practically, the parameters of the model can be computed
for different elevation angles, aircraft speeds, aircraft heights,
receiving antennas, carrier frequencies, always assuming a
geostationary satellite. Based on [15] we will take a Rice factor
of 14dB ( [kLOS ]dB = 10 log10 (PD / PSCAT ) ≈ 14dB ) for
the LOS path. The collected data was shown to be matching
with the theoretical considerations in [13]. It is shown in [16]
that the power ratio of the signal-to-multipath, denoted C/M ,
depends on the elevation angle Ψ as shown in Table I.
Assuming that PD + PSCAT + PGR = 1 and Knowing the
value of C/M = (PD + PSCAT ) / PGR we can deduct the
value of the power for the different paths as follows:
PGR = 1 / (1 + C/M )
PSCAT = (1 − PGR ) / (1 + kLOS )
PD = kLOS PSCAT
B. Uncoded case performance
In Fig. 8, we present the performance in terms of BER (Bit
Error Rate) for an uncoded BPSK (Binary Phase Shift Keying)
modulation. Performance shown by the red curve represents
the unequalized case. For the blue curve, we assume a simple
parallel MAP equalizer (mismatched decoder). The curve in
black represents the case where we add a feedback block to

Fig. 9: Uncoded BER 8-PSK, C/M = 6 dB

iteratively mitigate the effects of residual interference using
three iterations. It can be seen that we are achieving the perfect
feedback case. In Fig. 9, for the case of an 8-PSK modulation,
the same kinds of results are observed.
C. Coded case performance
In Fig. 10, we consider a coded BPSK modulation using
ARJA (Accumulate Repeat Jagged Accumulate) protograph
based low-density parity-check (LDPC) codes of rate R = 2/3
with information length K = 2048 bits. We only consider
serial channel equalization and channel decoding. The results
show that we always have a significant gain when using an
equalizer, however the performance when using a feedback
block or not are almost identical. As a consequence, in order
to have a low-complexity system it would be better to use an
equalizer without a feedback block. The residual interference
being low-powered, it does not have a visible effect on the
performance of the coded BPSK modulation. This result is not
valid for higher order modulations such as 8-PSK. In Fig. 11,
for the 8PSK modulation, we notice the gain resulting from
the contribution of an equalizer with a feedback block enabling
interference cancellation.
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