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Abstract—In this paper, an iterative receiver that performs
non-linear distortion noise cancellation is presented. The per-
formance is assessed for time division multiple access (TDMA),
orthogonal frequency division multiple access (OFDMA), and
single-carrier frequency division multiple access (SC-FDMA)
waveforms for application over the satellite return link channel.
The performance is assessed in terms of energy efficiency and
spectral efficiency, where the total degradation (TD) of the
received signal-to-noise ratio (SNR) is minimized. The modulation
formats of the DVB-RCS2 satellite return link standard and
a respective non-linear channel have been used. Two iterations
of non-linear noise cancellation across the different modulation
orders have shown the following total degradation gains: 1.1—2.5
dB in OFDMA, 0.3—1.1 dB in SC-FDMA, 0.1-0.8 dB in TDMA
with 20% roll-off, and 0.2 — 1.9 dB in TDMA with 5% roll-off.

Index Terms—Non-linear noise cancellation, satellite commu-
nications, TDMA, OFDMA, SC-FDMA, spectral efficiency.

I. INTRODUCTION

Due to the ongoing shift towards more bandwidth de-
manding applications and services, next generation satellite
networks need to offer both higher throughput and higher
data rates, flexibility to adapt to traffic demand across the
coverage area, and at the same time decrease the cost per
transmitted bit. The utilization of larger pieces of bandwidth
in the higher radio frequency (RF) bands, such as Ka, Q
and V bands, imposes hardware implementation challenges,
and imperfections cause signal distortion. Therefore, suitable
signal processing techniques at the transmitter and/or receiver
that maximize information rate of the link are required.

High-throughput satellite [1] communications suffer from
non-linear distortion that originates from the non-linear trans-
fer characteristics of the high-power amplifiers onboard the
satellite and at the user terminal. These adverse effects reduce
the power and spectral efficiencies of the transmission wave-
form. Time division multiple access (TDMA) is employed in
the return (RTN) satellite link according to the DVB-RCS2
standard [2]. Waveforms such as orthogonal frequency divi-
sion multiple access (OFDMA) and single-carrier frequency
division multiple access (SC-FDMA) are at the heart of ter-
restrial mobile long-term evolution (LTE) networks due to their
high spectral efficiency (SE) and flexible resource allocation.
However, these waveforms have been recently considered for
application over satellite for the sake of vertical network
hand-over [1]. The performance of SC-FDMA and OFDMA
has been compared in the satellite return link with amplifier
characteristics in the K and S bands in [3]. In this study, a
novel receiver is developed that performs iterative cancellation
of the intermodulation interference (IMI) from the non-linear
distortion, and it is tested for practical amplifier characteristics
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in Ka band in TDMA, OFDMA, and SC-FDMA waveforms
over the satellite return link channel.

In state-of-the-art systems, the IMI is reduced by means of
power control, such as output back-off (OBO) [3, 4]. However,
this approach is known to penalize the energy efficiency, when
high OBO is applied. In addition, a number of pre-distortion
techniques can be applied at the transmitter, such as signal
pre-distortion [5], static and dynamic data pre-distortion [6]
and waveform pre-distortion [7]. Cancellation of the IMI has
been first proposed in [8] for OFDM systems. The approach
has been adopted for systems with SC-FDMA in [9]. The
interfering component is estimated by means of a model for
the received constellation centroids based on the Bussgang
decomposition [10], where the cross-correlation between the
transmitted and received symbols is exploited, and a single
cross-correlation factor is used for all the symbols in the
constellation. This approach is suitable for systems, where the
non-linear distortion noise is uncorrelated with the symbols,
such as in OFDMA. However, when the IMI is correlated
with the signal, such as in SC-FDMA and TDMA, individual
scaling factors for each constellation point are required.

In this paper, a symbol-based equalizer with non-linear
noise cancellation is proposed for application at the gateway
in the satellite return link. The performance of the improved
receiver is compared with static data pre-distortion at the
transmitter [6] which is used in state-of-the art satellite sys-
tems. The improved receiver enables operation with minimum
total degradation (TD) at a much lower optimum OBO for
all the three considered TDMA, OFDMA, and SC-FDMA
waveforms. Two, or even one, iterations of non-linear noise
cancellation are sufficient to provide significant energy effi-
ciency gains.

The rest of the paper is organized as follows. Section II
describes the satellite transmission chain in the return link.
Section III presents the non-linear distortion effects and the
iterative receiver for IMI cancellation. Section IV elaborates
on the performance evaluation results. Finally, Section V
concludes the paper.

II. SATELLITE TRANSMISSION CHAIN IN RETURN LINK

In the satellite return link, a stream of forward error cor-
rection (FEC) encoded bit packets are mapped to a stream
of symbols from a given constellation at the modulator. The
modulation formats of the DVB-RCS2 satellite return link
standard [2] include quadrature phase shift keying (QPSK),
8-level phase shift keying (8-PSK) and 16-level quadrature
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Fig. 1: AM/AM and AM/PM characteristics of a Ka-band
SSPA at the user terminal.

amplitude modulation (16-QAM). Time division multiple ac-
cess (TDMA) is applied in the state-of-the-art satellite return
link. In this study, also OFDMA and SC-FDMA waveforms
are considered. The waveform selection and processing is
represented as a type of symbol multiplexing. In TDMA, the
information symbols are pulse shaped by means of a square
root raised cosine filter (SRRCF) to ensure spectrum integrity
for RF transmission. After digital-to-analog conversion (DAC)
and up-conversion to the carrier frequency, e.g., in Ka band,
the signal is amplified by means of a solid state power
amplifier (SSPA) in single-carrier mode at the user terminal.
Practical input amplitude/output amplitude (AM/AM) and
input amplitude/output phase (AM/PM) characteristics of a
Ka-band SSPA are presented in Fig. 1.

The satellite transponder in the return link is assumed to
be operated in multi-carrier mode with, e.g., more than 40
carriers [1]. Therefore, the channel in the satellite link can
be considered as flat-fading over the user bandwidth. In this
multi-carrier setup, the memory and non-linear distortion ef-
fects of the satellite transponder are transformed into Gaussian
noise which directly reduces the link budget. As a result, the
SSPA operated in single-carrier mode at the user terminal can
be considered the main contributor to the non-linear distortion.

At the gateway receiver, the signal is amplified by means
of a low-noise amplifier (LNA), and it is distorted by additive
white Gaussian noise (AWGN). After down-conversion to
baseband and analog-to-digital conversion (ADC), a matched
SRRCF is applied. The symbols are then demultiplexed ac-
cording to the underlying waveform, e.g., TDMA, OFDMA, or
SC-FDMA. Finally, the demodulator and the decoder perform
are applied to obtain the received packets.

The digital baseband signal at the input of the demodulator
at the gateway receiver can be expressed in TDMA as follows:

y = hgrrer * (AF (hsrrer * X)) + W, 9]

where x is the transmitted symbol vector, hgrrcr is the im-
pulse response of the SRRCF filter, * is the linear convolution
operator, F'(-) is the non-linear transfer function of the SSPA,
|h|? is the channel gain, and W is filtered version of the the
AWGN vector w after the SRRCF.

In state-of-the-art systems, non-linear distortion is com-

monly compensated by pre-distortion at the transmitter. Signal
pre-distortion is used to linearize the amplifier characteristic.
It generally involves additional analog electronics [5], which
implement the inverse of the amplifier characteristic. Signal
pre-distortion is known to introduce unwanted out-of-band
radiation. Data pre-distortion, on the other hand, is a purely
digital technique [6], which preserves the signal spectrum.
Here, the transmitted constellation is modified such that the
received centroids are close to the original transmitted con-
stellation. The first type of data pre-distortion, called static
data pre-distortion, accounts for the static nonlinearities in the
channel. The second type, called dynamic data pre-distortion,
also compensates memory effects. It takes into account the
current symbol, as well as the (L — 1)/2 symbols preceding
and succeeding symbols, where L is the memory depth. An
alternative solution is band-limited waveform pre-distortion [7]
of the effect of the non-linear device on the in-band portion
of the pulse-shaped digital signal. Dynamic data pre-distortion
and waveform pre-distortion are suitable solutions for appli-
cation over the forward link satellite channel to counter non-
linear and memory effects. Since the main contributor to the
non-linear distortion in the return link is the memoryless SSPA
at the user terminal, the channel is also memoryless, and
therefore static data pre-distortion is considered sufficient.

III. ITERATIVE CANCELLATION OF NON-LINEAR
DISTORTION

In this Section, the effects of non-linear distortion on the
received signal are discussed, and an iterative IMI cancelling
receiver is presented.

A. Non-linear distortion effects

The non-linear distortion in the satellite channel introduces
constellation warping and symbol clustering at the input of the
demodulator at the receiver [4]. The IMI is dependent on the
signal waveform, and therefore it contains useful information
of the transmitted signal. In single-carrier systems, such as
in TDMA, the interfering component is correlated with the
transmitted symbols, and each constellation point at the re-
ceiver is individually warped, scaled, and rotated with respect
to the symbol constellation at the modulator [4]. In OFDMA
systems, where the analog carrier is digitally subdivided in
a large number of subcarriers, as well as in multi-carrier
systems with a large number of analog carriers, such as in
the multi-carrier satellite transponder in the return link with
TDMA, the large degree of symbol multiplexing results in
a signal with a close to Gaussian distribution. According to
the Bussgang theorem [10], the interfering component is in
this case uncorrelated with the signal component, and it is
transformed into Gaussian noise.

As the interfering component is dependent on the signal, it
contains useful information. State-of-the-art non-linear com-
pensation techniques do not attempt to extract the useful in-
formation from the interference component, and it is treated as
noise to be minimized. The proposed symbol-based equalizer
with non-linear noise cancellation employs low-complexity
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Fig. 2: Constellation warping of 16-QAM TDMA with 5%
roll-off after an SSPA in the satellite return link.

cancellation of the interfering component at the receiver which
results in a significant increase of the energy efficiency.

The following decomposition of the signal and the interfer-
ing component is employed, where the symbol at the output
of the non-linear device is given as:

F(z) = Kz +d. 2)

The output signal, F'(x), is an attenuated and possibly rotated
replica of the information-carrying symbol, x, plus non-linear
distortion noise, d. The scaling factor K is obtained as the
covariance of the transmitted and received symbols normalized
by the average transmitted symbol power. There is no general
assumption on the distribution of the non-linear distortion
noise, and it can be correlated or not with the signal.

The constellation warping effects of the non-linear distortion
after the SSPA from Fig. 1 operated in single-carrier mode
at the user terminal are presented in Fig. 2 for the received
16-QAM TDMA symbols with 20% roll-off and an OBO of
2 dB. Next, the non-linear distortion effects on TDMA with
5% and 20% roll-off factors are compared with the effects
on SC-FDMA and OFDMA. In TDMA, a frame of 2048
symbols is assigned to 32 users with 64 localized symbols
per user. In SC-FDMA, as well as in OFDMA, the analog
carrier is subdivided in digital subcarriers, whereby a portion
of the subcarriers are dedicated to the user, and the rest are
set to zero. Here, 2048 subcarriers are assigned to 32 users
with 64 localized subcarriers per user. In Figs. 3 and 4, the
amplitude of the attenuation factors and the variance of the
non-linear distortion noise are presented as a function of the
OBO. TDMA and SC-FDMA experience an almost identical
warping of the amplitude of the received centroids. The three
distinct symbol amplitudes in the 16-QAM constellation have
three distinct attenuation factors and noise variances. The
degree of attenuation and the noise variance correspond to the
PAPR of the schemes. TDMA with 20% roll-off experiences
the least distortion, followed by TDMA with 5% roll-off, SC-
FDMA, and OFDMA. It can be noticed that received symbols
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with after an SSPA in the satellite return link.

in OFDMA are expectedly scaled by a single attenuation
factor, and have the largest noise variance. It should be
noted that the truncation of the SRRCF impulse response (16
periods are considered with oversampling factor of 8) to reduce
the processing complexity and latency in TDMA contributes
additional non-linear distortion noise which is evident in the
high OBO region, and it is more prominent in TDMA with
5% roll-off.

B. Iterative receiver for IMI cancellation

The receiver can extract the useful signal information in
the IMI by means of interference cancellation. It has been
first proposed in [8] for systems with OFDM. A set of
received symbols, e.g., a received frame, is buffered. In the first
iteration, the symbols are demodulated in a maximum likeli-
hood (ML) fashion. Based on the knowledge of the distortion
function in the transmission chain, the demodulated symbols
are used to obtain an estimate of the received symbols. In
order to obtain an estimate of the interfering component,
the demodulated symbols are scaled and subtracted from the
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Fig. 5: Block diagram of the satellite transmission cain in the return link with an iterative IMI cancelling receiver.

estimate of the received symbols. In the original approach, one
factor is used to scale all the constellation symbols. It is then
subtracted from the buffered symbols to obtain an improved
set of received symbols as an output of the first iteration of
IMI cancellation. In the second iteration, the newly obtained
received symbols are demodulated and used to better estimate
the interfering component which is again subtracted from
the originally buffered received symbols. The output of this
process are the improved received symbols after a number of
iterations. The IMI cancellation approach has been adopted for
systems with SC-FDMA in [9]. However, the same estimator
for the interfering component based on a single scaling factor
for all symbols is applied. This approach is suboptimum for
SC-FDMA and TDMA. Here, individual scaling factors for
each constellation point need to be applied. In general, the
number of distinct scaling factors corresponds to the number
of distinct symbol amplitudes in the applied constellation, as
shown in Fig. 3, due to the amplitude-dependent amplifier
characteristics from Fig. 1.

The block diagram of the proposed improved receiver is
presented in Fig. 5. After symbol demultiplexing, the received
symbols are obtained and buffered for further processing. At
this point, estimates of the received constellation centroids
and the respective scaling factors, K._, are calculated for
every constellation point, ¢,,, m = 1,..., M, where M is the
modulation order. The scaling factors K., represent the ratio
of a received centroid and the corresponding transmitted con-
stellation point. In order to estimate the received constellation
centroids, dedicated pilots have been introduced in the DVB-
S2X standard as part of the signalling for channel estimation.
These received constellation centroids are also used as a
reference for the demodulator and in the calculation of the
log-likelihood ratios at the decoder.

In the first branch, the demodulated symbols are scaled by
the respective scaling factors, K. _ . In the second branch, an
estimate of the distorted received symbols is computed, using
the knowledge of the processing blocks and distortion function
in the satellite chain, such as symbol multiplexing, SRRCF,
SSPA, SRRCF and symbol demultiplexing. The scaled sym-

bols are subtracted from the estimate of the received symbols

to obtain an estimate of the interfering component, which is
subtracted from the originally buffered received symbols to
produce improved soft values for the received symbols after
the first iteration. It is shown in Section IV that even one or
two iterations can yield a significant gain.

IV. PERFORMANCE COMPARISON

The performance of the proposed receiver is evaluated in
a Monte Carlo simulation in the satellite return link setup
for three different transmission schemes, i.e., TDMA, SC-
FDMA and OFDMA. A large number of processed symbols
are simulated, in order to obtain sufficient convergence of the
statistics, e.g., up to 1000 error events per simulation point.
A similar setup of the symbol frame as the one described in
Section III is used. In TDMA, the 5% and 20% roll-off factors
increase the bandwidth occupation of a carrier accordingly.
It is shown in [11] that two contiguous aggregated analog
carriers based on OFDMA or SC-FDMA can be employed
with as little as 5% guard band. The improved IMI cancelling
receiver is tested against the standard one from [8,9, 12] and
against static data pre-distortion at the transmitter.

In order to quantify the energy efficiency penalty induced
by the satellite channel, the TD metric is defined as follows:

TD[dB} = OBO + SNR  iequired in  — SNR required in . 3)

non—lin.chan. lin.chan.
In addition to the OBO penalty, the TD incorporates the
penalty on the SNR requirement to achieve a target bit-error
rate (BER) in the non-linear channel with respect to the SNR
requirement in the linear channel with AWGN.

The results for the TD in QPSK and 16-QAM are presented
in Figs. 6 and 7 for SNR values of 3.7 dB and 10.5 dB,
respectively. These correspond to the SNR requirement of the
modulation schemes to achieve an uncoded BER target of
1073, sufficient to enable FEC, in the linear channel with
AWGN, where the gain of 6.1 dB in the linear region of
the SSPA from Fig. 1 is considered. Due to the minimal
constellation warping in QPSK, the receivers show similar
performance for given number of iterations and transmission
scheme. Without IMI cancellation, the improved receiver
shows a lower TD for higher order constellations, e.g., up
to 0.2 dB for 16-QAM with TDMA with 20% roll-off. When
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Fig. 6: TD vs. OBO of digital transmission schemes for QPSK
in the satellite return link.

iterative IMI cancellation is employed, the improved receiver
consistently outperforms the standard receiver with or without
pre-distortion for all OBO values. This is due to the fact that
data pre-distortion increases the PAPR of the waveform which
increases the distortion noise [4-6]. TDMA with 20% roll-off
shows the lowest TD in the non-linear channel followed by
SC-FDMA and OFDMA. In addition, SC-FDMA is able to
outperform TDMA with 5% roll-off for higher constellation
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Fig. 7: TD vs. OBO of digital transmission schemes for
16-QAM in the satellite return link.

orders due to the residual non-linear distortion noise for
very low roll-off factors, resulting from the truncation of
the SRRCF impulse response. The improved receiver shifts
the minimum TD values to lower OBO values as shown in
TABLE I for 16-QAM. The optimum OBO is reduced from
3.6 dB to 2.95 dB in TDMA with 20% roll-off, from 4.35 dB
to 3 dB in TDMA with 5% roll-off, from 5.17 dB to 3.63 dB
in SC-FDMA, and from 6.25 dB to 3.39 dB in OFDMA.



Number of iterations No iterations One iteration Two iterations
Receiver std. Rx impr. Rx std. Rx impr. Rx std. Rx impr. Rx
TDMA, 20% roll-off | 5.19@3.6 | 4.98@3.6 | 4.72@3.6 | 4.47@2.95 | 4.67@3.6 | 4.42@2.95
TDMA, 5% roll-off 6.58@4.35 | 6.49@4.35 | 4.87@3.6 | 4.69@3.6 | 4.86@3.6 | 4.67@3
SC-FDMA, 5% guard | 5.91@5.17 | 5.89@5.17 | 5.07@3.64 | 4.86@3.62 | 4.93@3.63 | 4.77@3.63
OFDMA, 5% guard 7.5@6.25 | 7.5@6.25 | 5.54@4 5.54@4 5.01@3.39 | 5.01@3.39

TABLE I: Minimum TD [dB] @ optimum OBO [dB] of TDMA, SC-FDMA and OFDMA waveforms with 16-QAM in the

satellite return link.
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Fig. 8: Spectral efficiency vs. normalized energy requirement
of TDMA, SC-FDMA and OFDMA waveforms in the satellite
return link.

In this study, the normalized energy requirement of the
waveforms is defined as the summation of the TD values and
the reference SNRs. Taking into account the roll-off factors
and the guard bands, the spectral efficiency is presented as a
function of the normalized energy requirement in Fig. 8 for
the improved receiver. Here, also 8-PSK with an SNR of 8.9
dB is included. SC-FDMA and TDMA with 5% roll-off are
shown to be the most spectrally efficient transmission scheme
in the tested scenarios with the improved IMI cancelling
receiver, while it allows OFDMA to close the gap for higher
order modulation. In summary, the improved receiver with
2 iterations of IMI cancellation shows the following gains
relative to the standard receiver without IMI cancellation:
0.1 — 0.8 dB for TDMA with 20% roll-off, 0.2 — 1.9 dB for
TDMA with 5% roll-off, 0.3 — 1.1 dB for SC-FDMA, and
1.1 — 2.5 dB for OFDMA.

V. CONCLUSION

In this paper, an iterative receiver has been presented to
cancel the IMI that originates from the non-linear distortion
in the satellite return link channel. The receiver has been
tested with TDMA, SC-FDMA and OFDMA transmission
formats, and it has demonstrated significant gains in the
energy efficiency. It has been shown that two, or even one,
iterations are sufficient to present the majority of the gain
of IMI cancellation, resulting in a low complexity overhead.

The improved receiver enables the application of lower OBO
settings of the SSPA at the user terminal, and it is suitable for
integration in low-cost devices. In the considered modulation
setup, total degradation gains of up to 2.5 dB are expected
for OFDMA, 1.1 dB for SC-FDMA, 0.8 dB for TDMA with
20% roll-off, and 1.9 dB for TDMA with 5% roll-off. The
receiver is particularly suitable for application with higher
order modulation formats which are more vulnerable to non-
linear distortion, where even higher energy efficiency gains are
expected.
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