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Abstract— With many high throughput satellites (HTS) in
space, the satellite industry is now able to provide flexible
services at costs that tend to become competitive. Satellite
networks may ultimately play a significant role in the global
telecommunication market. As an illustration of this trend,
satellite stakeholders are pushing with some success for a
satellite component in the global 5G system. With power
fluctuations similar to those of single carrier waveforms, the
discrete Fourier transform spread orthogonal frequency
division multiplexing (DFT-s-OFDM) modulation appears as a
relevant waveform for some satellite applications such as
backhauling. Despite its many advantages, DFT-s-OFDM still
lacks of reference signals (RS) showing low-power fluctuations
for whatever length. In this paper, we propose a new RS that
consists in inserting an OFDM pilot with its own cyclic prefix
within a DFT-s-OFDM symbol. The novelty is here to modulate
specific samples that are computed to closely match - after
modulation - the OFDM pilot thus minimizing the interference
resulting from the insertion. Performance evaluations assess the
relevance of the proposed scheme that brings the flexibility of
OFDM RS to DFT-s-OFDM systems.
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1. INTRODUCTION

The satellite communications (SatCom) industry has
undergone massive changes since the deployment of high-
throughput satellites (HTS) over the last decades. With much
more flexible and affordable resources, SatCom may
ultimately gather a larger part of the global communication
market. Further changes may also result from the launch of
large low Earth orbit (LEO) satellites constellations within the
coming years. As an acknowledgment of this new paradigm,
the 3GPP has recently initiated standardization activities in the
purpose of including a satellite component in the future
releases of the 5G system [1].

It is likely that SatCom will enter 5G starting from the
upper protocol layers in order to facilitate the deployment of
existing applications such as backhauling and truncking.
These systems may rely at first on the widely deployed and
proven DVB-S2x protocol [2] for the actual transmission of
radio signals between satellites and ground equipment. If the
DVB-S2x time division multiplex (TDM) modulation is well
suited for applications such as linear TV, it suffers from some
limitations when it comes to transmit data in a cellular and
possibly mobile context, starting with a time-only duplexing
access scheme and the need for large guard periods between
signals coming from different sources.

It might thus be required in the future to adapt existing
physical layers - or even design new ones - specifically for
satellite transmissions, either within or outside 3GPP. The

orthogonal frequency division (OFDM) multiplexing
modulation appears as the most relevant candidate thanks to
its versatility. It is actually standardized in satellite systems
such as DVB-H, -SH and -NGH [3]. However, in power-
constrained situations, the large peak to average power ratio
(PAPR) of OFDM signals may lead to performance
degradations due to saturation effects in power amplifiers.
Another solution would be to rely on the DFT-s-OFDM
modulation, a transmission scheme that is already used in the
uplink of the 3GPP/LTE system [4] and was also standardized
in the DVB-NGH system [5].

The DFT-s-OFDM modulation actually combines some
key advantages of both the OFDM and TDM techniques. Just
like in TDM, the DFT-s-OFDM modulation shapes the
samples to be transmitted with a waveform that is here the
Dirichlet kernel [8], the discrete time Fourier transform
(DTFT) of the window function. However, unlike in TDM,
the filtering is applied circularly over a finite block of samples.
From that respect, the DFT-s-OFDM modulation can be
considered as a block implementation of the TDM modulation
thus benefiting from the same low PAPR. This also enables
multiplexing in time several signals without the need of large
guard periods.

The OFDM leg of the DFT-s-OFDM modulation makes it
suitable for transmissions over degraded channels thanks to an
equalization natively applied in the frequency domain. This is
actually possible as long as a cyclic prefix (CP) is inserted,
also leading to a better robustness to time synchronization
errors. If the DFT-s-OFDM modulation benefits from its
OFDM lineage for the equalization, it is not the case for the
insertion of reference symbols (RS) required for channel
estimation. Indeed, the low power fluctuations of its envelope
result from the application of an IDFT on previously DFT-
spread samples. Any arbitrary alteration of the DFT-spread
sub-carriers through for instance the insertion of known sub-
carriers breaks the PAPR properties of the signal.

In this paper, we propose a new reference symbol that
exhibits a low PAPR whatever its length. This is obtained by
inserting an OFDM symbol within a DFT-s-OFDM symbol
with a limited impact on the demodulation of the embedded
data. This paper is organized as follows: The next section
provides a description of the related work. In Section III, we
introduce the principle of the proposed scheme which is
formally described in Section IV. Section V provides
simulation results and in Section VI a conclusion is given.

II. RELATED WORK

In order to keep low the PAPR, the 3GPP/LTE uplink
system generates a full pilot, i.e. where all the sub-carriers of



the OFDM symbol carry reference samples, actually a Zadoff-
Chu sequence (ZC, [6]) that exhibits a low PAPR after
modulation. In order to reduce the pilot overhead, the DVB-
NGH system specifies the PP9 pilot [5] that interleaves an
equal number of data and reference samples in the frequency
domain. The resulting signal that is the sum of two
consecutive replica of two independent SC signals is no more
a pure SC signal but still shows a good PAPR. With an equal
ratio of data and pilot samples, the PP9 RS is especially well
suited for channels with very large power delay spread and or
Doppler. It is however over-dimensioned for less degraded
channels.

In [7], the authors introduced a new pilot scheme denoted
as time division multiplex pilot (TDMPi). In this scheme, the
reference symbol is modulated like any other DFT-s-OFDM
symbol. The vector of samples to be transmitted is divided into
two parts: a front part containing an arbitrary number of
reference samples known at the receiver and a second part
containing information data. The principle is here to generate
a symbol that contains a fixed pattern to be used by the
receiver as a pseudo-OFDM RS. In order to reduce the
interference of the data onto the pilot due to Dirichlet filtering,
the TDMPi scheme modulates separately pilots and data and
the contribution of data samples onto the pilot part is zeroed
before combining the two modulated signals.

A key advantage of this approach is that the zeroing
operation does not degrade the PAPR whatever the length of
the pilot. Another key feature of the TDMPi scheme is the
insertion of the so-called pilot cyclic prefix (PCP), i.e. a CP
not related to the overall symbol but to the pilot part. The
objective is here to favor the quality of the channel estimation
in situations where a few RS are inserted in the modulated
frames. It is then possible to demodulate data-only symbol
using a good channel estimate while only the data carried
within the RS suffer from some degradations. These samples
indeed suffer from two detrimental effects: the destruction of
the OFDM orthogonality due to the zeroing operation and the
lack of circularity due to the insertion of the PCP.

The lack of a global CP may also lead to the loss of
information about the last samples in the symbol when the
demodulation FFT window is positioned a few samples back
in the CP, e.g. due to synchronization errors or on purpose to
be more robust against rapidly varying channels. It shall also
be mentioned that the reference symbol used for estimating
the channel is not a true OFDM symbol, thus leading to some
degradations in channel estimation when using OFDM-based
methods. Overall, if the TDMPi scheme is well suited for
power-constrained and quasi-stationary contexts, there is still
the need for a more versatile scheme.

III. PROPOSED SCHEME

In this paper, we propose a new reference symbol that
consists in inserting a truly OFDM-modulated pilot including
its dedicated CP within a DFT-s-OFDM symbol. An obvious
advantage of this solution is that both the reference and the
overall symbols are protected by their own CP, getting rid of
the PCP issue in the TDMPi scheme. Another benefit is the
possibility to rely on any existing technique for generating the
OFDM npilot but also for estimating the channel. One may
argue that the OFDM symbol could be inserted as a separate
symbol within the flow of data-only symbols. The rational for
inserting it into a data symbol is to keep unchanged the frame

structure whatever the length of the pilot that might be
variable in time.

It is rather obvious that the introduction of external
samples within a DFT-s-OFDM modulated symbol cannot be
seamless. A straightforward implementation of the new RS
would be to replace some samples of a DFT-s-OFDM
modulated symbol by new samples, operation that can be
interpreted as an initial zeroing followed by the actual
insertion of new samples (another one would be to modulate
a small symbol and insert new samples between two original
ones). Just like for the TDMPi RS, a way to reduce the impact
of the insertion is to introduce zeros in the original data stream
at the positions corresponding to the samples to be replaced —
called here the pilot region. However, this simply reduces the
level of degradations due to zeroing as the analogue signal is
null only at the positions of the zeros but not elsewhere.

The data samples obtained after demodulation also contain
an unwanted interference originating from the insertion of the
external samples. Forcing the corresponding samples to zero
prior demodulation would not be satisfactory in case of
synchronization error or channel dispersion. The originality of
the new scheme actually relies in the methodology used to
reduce the interference resulting from the insertion when
demodulating the data embedded in the RS. Interestingly, the
proposed scheme also reduces the level of out-of-band (OOB)
radiations that may result from the amplitude breaks at the
interface between the DFT-s-OFDM symbol and the inserted
OFDM symbol.

The principle of the proposed scheme is to introduce
specific pilot samples in the original block of data computed
in such a way that the samples obtained after modulation
closely resemble to the ones of the OFDM npilot. If the
modulated samples would perfectly match with the inserted
ones, there would be no degradations resulting from the
insertion. This is obviously impossible, as the OFDM symbol
cannot be obtained as the result of a DFT-s-OFDM
modulation. However, simulations show that it is possible to
significantly reduce the degradation in comparison to the basic
zeroing operation. As these samples are not meant to be used
at the receiver, they are conveniently denoted here as ghost
pilots. Fig. 1 depicts the general principle of the proposed
scheme that is described hereafter as the ghost-based reference

symbol (GbRS).
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Fig. 1. Principle of the GbRS reference symbol.



IV. DESCRIPTION

A. Computation of the GbRS

The proposed technique is best introduced using the matrix
description of the DFT-s-OFDM modulation. Over each
symbol period, the modulated symbols carry K time-domain
samples oversampled by a factor N/K with the addition of P
null sub-carriers on both edges of the multiplex (N=K+2P).
Let us denote x; the data samples which are parsed into
blocks of K samples x = [xg, ..., Xx_1]* over each symbol
period. Each data block x is first spread in frequency using a
K-point normalized Discrete Fourier Transform (DFT) such
as

X = Ax where A = P.Fy (1)

In (1) P, is the (K, K) permutation matrix that swaps the
two halves of each column of the matrix it is applied to, and
where Fy is the K-point normalized DFT under the form of a
(K, K) matrix with elements Fy, = wk"/VK on the k" row
and n™ column, wy = exp(2jm/K) being a primitive root of
unity. After spreading and addition of the null sub-carriers, the
samples are OFDM modulated using the (N, K) matrix

B = P.F;, x/N/K, )

where B, is the (N, N) permutation matrix that swaps the two
halves of each row of the matrix it is applied to, and where
Fy = Fy' is the N-point normalized inverse DFT (IDFT). In
this matrix, we keep only the contribution of the spread data
ignoring the null sub-carriers

B, =B(0:N—-1,P:N—P—1). 3)
Finally, the modulated signal can be computed as
y = Cx where C £ B, A. @)

In the case of the reference symbol, x embeds both
information data denoted as d;, and ghost pilots denoted as py,
which position is defined according to the size and position of
the OFDM pilot to be inserted. It is assumed here the OFDM
pilot is made of R samples extended with a CP with length L
leading to a total number of samples S = R + L. This vector,
denoted as y,.f in the sequel, shall be generated to show low
power fluctuations. A typical but not restrictive solution is to
rely on the so-called Zadoff-Chu sequences. Note that the
length of the CP does not need to be necessarily the same for
the OFDM pilot and the overall reference symbol. For
simplification, they are assumed equal here with a length
greater than the channel delay spread.

The OFDM pilot can be inserted in whatever position
within the DFT-s-OFDM reference symbol. We assume here
that the first sample of the OFDM symbol is inserted at the
index T; in [0, N-1]. The last sample of the OFDM pilot is thus
inserted at the index T, = T; + S — 1. The index of the first
and last ghost samples are then obtained as

L= [T1 X %]_ Wy, [ = [Tz X %r + wy, (5)

[.] and [.]* being respectively the rounding down and up to the
nearest integer functions and w; and w, two unsigned
integers. Equation (5) shows that at least one ghost sample lies
on each side of the OFDM pilot (all the original discrete
samples belong to the generated analogue signal). This is
required to facilitate the matching between the modulated
samples and the inserted ones.

Globally, the original vector to be modulated is divided
into three parts, a front part with length K; = J;, a central part
with length G = J, — J; + 1 and a rear part with length K, =
K — K; — G. The total number of data carried out by the front
and rear parts in the original vector is denoted as K; = K; +
K,. After modulation, the signal is also sliced into three parts
made respectively of Ny =T;, S and N=N-—-N; — S
samples.

Our goal is to compute the vector of ghost pilots such that
the signal generated over the interval [Ty, T,] closely mimics
the value of the OFDM symbol to be inserted afterwards. Let
us denote by p = [py, ..., pg_1]¢ the vector of ghost pilot
samples populating the central part of the vector x. For
convenience, the set of information data within x is grouped
as a single vector with length K; denoted by d =
[do, -, dg d—1]t- After modulation, the value of the signal in
the central part depends not only on the ghost pilots but also
on the surrounding data. Let us first compute the contribution
of the useful data onto the central part of the generated signal.
The spreading step is computed using the matrix 4 in (1)
taking into account only the useful data

Ag =AO:K—1,0:, —1U ], +1:K —1).  (6)

After spreading and addition of the null sub-carriers, the
samples are OFDM modulated using the matrix B,, in (3)
where we keep only the samples of the central part

Bym = B(Ny: Ny, P:N — P — 1). 7

Overall, the contribution of the front and rear parts of the
original vector to the central part of the generated signal is
obtained from the (S, K;) matrix

Cpa = BymAd (®)

Similarly, the contribution of the ghost pilots on the central
part of the generated signal is obtained from the (S, G) matrix

Cop = Bymdly. ©)

where A, = A(0: K — 1,/;:J;). The set of ghost pilot samples
that mimics the OFDM pilot symbol can thus be obtained as
the solution of the following linear system

Cppp = Yref — ded- (10)

As the matrix Cp,is full rank and has more rows than columns,
the corresponding system has no exact solution. It is common
in such a case, to compute the least-squares solution

Popt = mpin”Cppp — YVrer + ded”z (11)

Experiments show that the ghost samples falling outside
the pilot region tend to take large values to improve the
matching (they appear on purpose as degrees of freedom in
the system). It is thus better to apply the optimization with a
constraint, e.g. over the amplitude, in order not to degrade the
overall PAPR.

As long as the length of the OFDM pilot is small, i.e. a few
tens of samples, the complexity of the system in (10) remains
acceptable. For longer pilots, it is possible to reduce the
complexity e.g. by enforcing the matching over a limited
number of samples on both sides. This solution enables to
build an under-determined system leading to a better match
for the samples and thus reduced OOB radiations. However,



the number of ghost samples remains identical and possibly
large. Another alternative is to compute a limited number of
ghost samples on each side of the pilot region. The level of
performance appears to be degraded but with a better
matching on both sides. These two approaches have been
successfully tested but only the original one is addressed in
this paper.

B. Channel Estimation

It is assumed here that the receiver is synchronized and
knows the position of the OFDM pilot symbol within the
reference symbol. The receiver first extracts L samples from
the OFDM pilot ideally just after the end of the cyclic prefix.
Let us denote u = [uy, ..., up_1]¢ the vector of samples with
length P used to generate the OFDM pilot. It is assumed that
the samples are DFT ordered with positive frequencies
coming first. The channel is supposed to be linear time
invariant (LTI) with a delay spread shorter than the CP. The
signal received over a given symbol period is given by

zy = C (h)y;+b=L/PC,(h)FQu+b, (12)

where h;, is the discrete time band-limited baseband channel
impulse response of the channel with length L, C;(h;) the
circulant filtering matrix associated to h; and b an additive
white Gaussian noise (AWGN) with variance o2 and Q the
matrix that inserts null sub-carriers in the center of the
multiplex. After OFDM demodulation, we obtain

ws =P/LQ'F,z; = Q'diag(VLF,h,)Qu + b,
wy = Qtdiag(h])Qu + b' = diag(hl)u +b', (13)

where we use the well-known properties of circulant and
Fourier matrices [9]. In (13) Q1 is the matrix that extracts the

modulated sub-carriers, h{ the L-point non-normalized DFT

of the vector h; and h£ the result of the extraction of the
channel response for the modulated sub-carriers only [10]. As
it is well known in CP-OFDM, the demodulation simply
requires the estimation of P channel coefficients in the DFT
frequency domain. Here, the channel is estimated directly for
the K coefficients according to the linear minimum mean
square error (MMSE) criterion. We look for the channel
coefficients such that

h£ = Hopth,

2
with Hope = arg mHin E|wa — h,’;| , (14)
where h,’; is the vector of channel coefficients over the K
modulated sub-carriers and H a (K, L) weighting matrix.
Under the retained assumptions, one can easily show that the
MMSE estimator is given by

Hope = R ot (15)

rhw fRWfo’

Ry, being the correlation matrix between the vectors x and y.
Using the observation vector w4 in (13) we obtain

R =R SH with S, = diag(u"),
hgwf h£h£ P w P g( ) (16)
RWfo = (SSH)QRhIChIC + Ipa?,

where I, is the identity matrix with size P. In the present case,
the channel power delay profile is assumed to be perfectly

known. In practice, the correlation matrices are computed
empirically from the observations or set to a predefined value.

V. PERFORMANCE ANALYSIS

The performance of the GbRS scheme is analyzed here by
means of simulations. Performance is measured in terms of
instantaneous normalized power (INP) for signal envelope,
mean square error (MSE) for channel estimation and error
vector magnitude (EVM) for demodulation. Bit error rate is
not evaluated as coding may “hide” weak behaviors. We
consider a satellite context where the channel delay spread is
fairly small with respect to the symbol duration. The number
of modulated sub-carriers is set to K=432 for a total number
of N=512 sub-carriers (DVB-NGH parameters for a 5 MHz
bandwidth). The CP is set to L=32 for both the global symbol
and the OFDM symbol. The pilot samples prior to DFT are
obtained as the IDFT of ZC sequences selected for each tested
size S. The data samples are modulated according to a robust
quaternary phase shift keying (QPSK) constellation.

A. Signal envelope performance

At first, the PAPR and more precisely the complementary
cumulative distribution function (CCDF) of the instantaneous
normalized power (INP) have been measured with an
oversampling factor of 8 for different lengths S = 40, 80, 120,
160, 200, i.e. covering sizes up to almost half the symbol
length. Fig. 2 compares the measured INP CCDFs with the
amplitude distribution of a data-only DFT-s-OFDM symbol
modulated in QPSK. These curves confirm that the GbRS
behaves similarly to data symbols whatever the length of the
pilot region. Note that the CCDF of the reference symbol is
even slightly better thanks to the low PAPR of the inserted
OFDM pilot.
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Fig. 2. CCDF of the INP for different sizes.

Fig. 3 illustrates qualitatively the degree of matching
between the inserted OFDM symbol and the signal generated
using the ghost samples. The figure actually focuses on the
first samples of the pilot region for a signal generated with the
following parameters: Ty = 24,5 =30,L =20, w; =w, =
0, and a saturation value of 4,,,, = 1.4 for the ghost pilots
amplitude. Logically, the signal generated from the ghost
samples does not strictly match with the inserted samples but
globally reproduces its shape. It can be noticed in this
particular case that the first samples of both signals closely
match. This demonstrates the interest of introducing a ghost
sample outside the pilot region to improve amplitude



matching but also to reduce the OOB radiations resulting from
the insertion.

B. Cost of the OFDM pilot insertion

Let’s now evaluate quantitatively the impact of inserting
the OFDM symbol in place of the samples obtained from the
ghost pilots. This is achieved by measuring the error vector
magnitude (EVM) of the demodulated samples, i.e. the root
mean square (RMS) average amplitude of the error vector,
normalized to the ideal signal amplitude reference. The EVM
is computed here not as a single number for the whole symbol
but as a function of the position of the samples in the vector.
As shown later, the error indeed depends on the position of the
sample with a larger error close to the pilot region. At first, the
EVM is computed under the assumption of an ideal channel
(no multipath and no noise), perfect channel estimation, and
MMSE equalization followed by a de-normalization stage as
described in [10].
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Fig. 3. Illustration of the matching obtained with the ghost pilots.

Fig. 4 compares the EVM obtained with the TDMPi RS
and the GbRS for different lengths. As previously explained,
the computation of the ghost samples requires the application
of a constraint on the amplitude that is especially relevant on
the edges. For that reason, the OFDM pilot is inserted with a
circular shift (prior CP insertion) which value is selected to
minimize the EVM. In addition, the OFDM symbol is inserted
at the index T; that minimizes the EVM (it is in general better
that the first ghost samples on both edges fall close to the
middle between two OFDM samples). Fig. 4 shows that the
proposed solution reduces the level of interference over the
data symbol especially on the edges thanks to the matching
operation. As shown in the sequel, the reduction of the
interference is much more significant in case of ISI.

Another alternative for reducing the level of interference
is to insert more ghost pilots on each side of the pilot region.
It appears that the level of interference can be reduced by a
factor 2 at the expense of 1 or 2 more pilots on each side. The
actual number of additional pilots shall be defined in terms of
spectral efficiency, as the reduction of the interference may
lead to an overall better spectral efficiency for large
constellations.

Z2)
&~ 02+
i)
)
0 — 8=
E 0.1 250 300 350 $=200
o
1 %
0 ~ N e e
50 100 150 200 250 300 350 400
03
= 0.02
=9
> 02 ] e i
a ) 0.01 B
=) =
= | Q
E 0.1 : 250 300 350
|
=] \
S )
0 e e i

- — = — —
50 100 150 200 250 300 350 400
Demodulated data

Fig. 4. Comparison of the EVM for different sizes (ideal channel).

C. Channel estimation performance

We now focus on the evaluation of the GbRS in terms of
channel estimation using the MMSE scheme described in
Section IV. The performance is measured in terms of mean
square error (MSE) with respect to the actual channel response
in the frequency domain. The scheme was evaluated in the
context of the AWGN and the 6-tap Rayleigh TU6 channels
[11]. For the TU6 channel, the channel MSE was averaged
over 50,000 realizations with a random selection of new
channel coefficients for each tested reference symbol. In order
to avoid degradation due to inter-symbol interference (ISI),
the CP is set to L=32 samples (the channel spreads over 26
samples assuming tap delays fall on sampling times) for an
overall length of S=64 for the OFDM pilot.

Fig. 5 compares the channel estimation MSE of the GbRS
as compared to the TDMPi and an OFDM RS with the same
size that would be transmitted separately from the DFT-s-
OFDM symbols. Logically, the GbRS scheme shows similar
performance to the pure OFDM symbol. Fig. 5 also shows that
the MSE of the TDMPI1 is slightly above the OFDM case (here
by only 0.1 dB). As explained in [7], the TDMPi performance
can significantly depart from OFDM for some configurations
which is the not the case for the new scheme. This is actually
the main advantage of the GbRS: to bring OFDM RS
performance to DFT-s-OFDM signals.
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Fig. 5. Channel estimation MSE for the TU6 and AWGN channels.



D. Demodulation performance

We now look at the impact of the channel estimation on
the demodulation of the data samples embedded within the
RS. It is important to remind that the TDMPi is able to carry
more data samples for a given number of reference sub-
carriers (same CP for pilot and overall symbol). Thus, the
performance for the data part has been measured for the same
number of data samples, i.e. with 64 reference sub-carriers for
the TDMP1i scheme and R = 32 for the new scheme (leading
to 64 samples with the addition of the CP). The EVM is
measured in terms of excursion (minimum and maximum
values) as measured from the EVM averaged over each data
position. Logically, the extension in the number of reference
sub-carrier leads to better performance in terms of channel
estimation (~2.8 dB) for the TDMPi. But as shown on Fig. 6,
the EVM remains significantly better for the GbRS scheme.
In case of channel delay spread, the lack of circularity due to
the PCP strongly affects the TDMPi scheme. With a separate
CP for the pilot and the overall symbol, the GbRS pilot suffers
from less degradations. This is precisely the purpose of the
GDbRS: to provide an alternative to TDMPi for channels with
large delay spreads.
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Fig. 6. Demodulation performance in EVM for the TU6 channel.

VI. CONCLUSION

A novel reference symbol for the DFT-s-OFDM
modulation is introduced in this paper. The principle is to
insert an OFDM symbol within a DFT-s-OFDM symbol in
such a way to minimize the interference generated by the
insertion over the demodulated data. This is obtained by

modulating the so-called ghost pilots so as to generate a signal
that closely mimic the samples to be inserted at the same
position. The main advantage is here to allow for using any
OFDM channel estimation scheme whatever the length of the
pilot still keeping low the power fluctuations. The so-called
GDbRS scheme exhibits three distinctive advantages: OFDM-
like channel estimation performance, a limited level of
degradation onto the embedded data and small out-of-band
radiations. Besides further studies are required to simplify the
linear system solving with constraints, the scheme appears as
rather promising for satellites applications requiring a good
robustness to channel degradations.
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