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SUMMARY

This paper presents performance improvement techniques for the second-generation digital video broadcast return
channel via satellite air interface, which can be used for supporting future demands for Tbit/s traffic require-
ments. In particular, we have investigated minimum-shift keying (MSK) type of continuous phase modulation
(CPM) waveforms by considering both single-carrier and multi-carrier transmission and single-amplitude and
multi-amplitude signals, which improve the spectral efficiency. In addition, we consider frame timing and synchro-
nization techniques, which make synchronization more accurate and robust. Our research has shown that the MSK
single-carrier frequency-division multiple access (SC-FDMA) outperforms the quadrature phase-shift keying
SC-FDMA in terms of resilience to distortion with the performance gap increasing when the amplifier shows a
milder distortion. The performance of a multi-amplitude CPM scheme, based upon the superposition of two single-
amplitude MSK signals at the radio frequencies level, is also investigated. In comparison with other equivalent
linear modulation schemes, performance evaluation results have been shown that the proposed multi-amplitude
CPM scheme significantly improves the spectral efficiency in the presence of adjacent channel interference.
Finally, we have proposed a viable and efficient methodology, which enables reliable and accurate timing and fre-
quency synchronization for the SC-FDMA satellite return link. This involves a combination of global positioning
system (GPS)-based pre-compensation of differential timing between user terminals, preamble detection in an
integrated random access channel, and user channel frequency estimation based on repetitive symbols in the time
domain. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The ever-increasing commercial demand for higher user data rates via satellites has led to the adoption
of the second-generation digital video broadcast return channel via satellite (DVB-RCS2) system [1].
This standard, designed by the digital video broadcasting (DVB) project, defines the complete air inter-
face specification for two-way satellite broadband very small aperture terminals. The first-generation
digital video broadcast — return channel via satellite (DVB-RCS) standard was published as EN
301 790 [2], while the substantially more powerful DVB-RCS2 was published in three parts as TS
301 545-1 Overview and System Specification, (OSL) [3], EN 301 545-2 Lower Layer for Satellite,
(LLS) [4], and TS 301 545-3 Higher Layer for Satellite, (HLS) [5]. Although the DVB-RCS2 defines
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the transmissions parameters, it leaves open to the designer the adoption of specific receiving commu-
nication techniques. This allows the design of the most appropriate receivers, which should achieve
the necessary performance depending upon required services.

The research reported here focuses on the issue of increased traffic demands for the future Internet
in the ‘2020 and Beyond’ time frame, such as the requirement for Tbit/s traffic [6]. Towards this end,
the European Satellite Agency (ESA), through its Advanced Research in Telecommunications Systems
1 program, has identified several key issues, which limit the desired Tbit/s satellite capabilities [7]. In
this paper, an effort is made to investigate techniques, which aim at improving the spectral efficiency
(SE), performance, and cost effectiveness of the air interface as well as dealing with the limitations
imposed by interference. The proposed enhancements are expected to support the satellite broadband
networks evolution towards an ultra-high capacity satellite communications system. In particular and
within the framework of the DVB-RCS2 standard, the following research topics will be investigated:

(1) Continuous phase modulation (CPM) waveform design by considering single-carrier and multi-
carrier transmission as well as single-amplitude and multi-amplitude signals.
(2) Frame timing and carrier frequency synchronization for multi-carrier transmission.

Regarding the first topic, for the last three decades or so, the subject of CPM, which typically
is single amplitude with constant envelope signals, has been investigated quite extensively in con-
nection with the design of various transmitter/receiver (transceiver) structures (e.g., see [8] and the
references therein). Thanks to their compact spectrum properties, especially in the presence of non-
linear distortion, CPM signals have been used in various telecommunication standards [9]. In satellite
communications, for instance, in addition to linear modulation (LM) signals, various CPM signals
have been adopted in the DVB-RCS2 standard [1].

The lesson learnt from the DVB-RCS2 standardization procedure is that, in general, CPM and LM
have comparable performance for low-to-medium SE [10]. For example, for SE up to 1.5 bit/s/Hz,
CPM and LM schemes perform similarly for a given signal-to-noise ratio reference value. However,
for this SE range, CPM appears to be more cost efficient than LM, mainly because of the more relaxed
requirements imposed on the radio frequencies (RF) front end of the terminal [10]. On the other hand,
LM appears to be a more appropriate solution for higher SE, because it allows to reach higher SE values
with respect to the equivalent CPM schemes [11]. In our current research and in order to increase
the SE of CPM signals, the performance of multi-amplitude CPM (MA-CPM) signals [12] is inves-
tigated for the first time in the context of satellite communication systems. Independently from the
employed modulation scheme, a widely known trend in terrestrial communication systems is to move
from single-carrier to multi-carrier schemes, because the latter are particularly resilient to the impair-
ments typically encountered in a terrestrial radio link [13, 14]. Their resistance to non-linear distortion
and flexibility in resource allocation are the reasons that multi-carrier transmission was first adopted
in wired systems [15] and subsequently to wireless telecommunication systems, for both broadcast
and point-to-point communications [14, 16]. It is noted that their extensive use in wireless terrestrial
communications and their characteristics in terms of resistance to non-linear distortion and flexibility
in resource allocation have pushed toward their adoption in satellite communications, allowing
also a higher compatibility between terrestrial and satellite waveforms, thus increasing their
possible cooperation.

Motivated by the foregoing discussion, on the first topic considered in this paper, we propose and
evaluate the performance of new single-amplitude and MA-CPM waveforms, in connection with the
multi-carrier systems by mainly targeting improvements in SE. Similar to [17], we consider CPM
signals with modulation index 7 = 1/2 because of their implementation simplicity and their relative
compact spectrum, as well as their relatively simple receiver structures. Although such waveforms
are usually referred to as minimum-shift keying (MSK)-type CPM signals, for the convenience of the
presentation, from now the terms ‘CPM’ and ‘MSK’ will be denoting the same ‘MSK-type’ of signals.

The first part of the CPM signal study is devoted toward the analysis and optimization of the mapping
schemes to be used in a multi-carrier satellite environment. To this aim, a fair comparison between LM
and CPM schemes will be considered, by taking into account the non-linear effects introduced by the
high power amplifier (HPA). In particular by employing different HPA models, we study their effects
on the in-band distortion, in terms of modulation error ratio (MER) and out-of-band spectral regrowth.
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Figure 1. Block diagram of the system model. CP, cyclic prefix; DFT, discrete Fourier transform; HPA, high
power amplifier; IDFT, inverse discrete Fourier transform; PN, pseudo-random noise; ZC, Zadoff—Chu.

Among several possible CPM schemes, we resorted to an MSK-type CPM signal, which avoids
the zero cross in the signal waveform, a condition that is detrimental when HPA is employed. In the
context of a single-carrier frequency-division multiple access (SC-FDMA) scenario, we investigate and
analyze the performance of various single-amplitude CPM signals. Furthermore, we consider a MA-
CPM signal in the same access scenario but with single user detection. For the latter case, the selection
of the waveforms is such that the proposed MA-CPM signals essentially double the SE achieved by
the single-amplitude CPM signals proposed in the DVB-RCS2 standard at the expense of an increased
power requirement.

On the second topic of our research, we study frame timing and carrier frequency synchroniza-
tion within the context of a future DVB-RCS2 signal based on an SC-FDMA waveform, as specified
in [1]. In this regard, it should be noted that the SC-FDMA waveform acts as a carrier for modu-
lated symbols, which have been pre-processed and mapped to different sub-carriers (see Figure 1 and
Section 2 for details). It is well known that multi-carrier communications have strict requirements
in terms of synchronization due to their exploitation of multiple narrower bands [18]. Moreover, the
satellite environment poses additional challenges in terms of synchronization [19, 20]. Therefore, we
have investigated SC-FDMA synchronization in the geostationary Earth orbit (GEO) satellite fixed
channel. The proposed solution involves frame timing pre-compensation, preamble detection in an
integrated random access channel (RACH), appropriate cyclic prefix (CP) dimensioning, and user
channel frequency estimation.

The organization of the paper is as follows. After this Introduction, in Section 2, the generic and
detailed system model that was used in our study is presented. Section 3 proposes efficient map-
ping schemes for single-amplitude CPM signal in SC-FDMA systems. Section 4 presents MA-CPM
transceiver structures as well as performance evaluation results, including SE improvements. Section 5
deals with frame timing and carrier frequency synchronization issues within an SC-FDMA system
including synchronization acquisition using the RACH at logon and synchronization tracking using
training sequences in the shared user data channel. Conclusions can be found in Section 6.

2. SYSTEM MODEL

The block diagram of the system model under consideration, shown in Figure 1, represents the
equivalent baseband of the uplink of a typical multi-user satellite communication system.

A user may transmit independent CPM signals, single-amplitude or multi-amplitude and/or single-
carrier or multi-carrier. These signals are passed through a non-linear HPA and then transmitted
through the channel. Corrupted by additive white Gaussian noise (AWGN) with single-sided power
spectral density, Ny, the signals arrive at the satellite, in the general case, asynchronously. Because we
have considered CPM waveform design for single-carrier and multi-carrier transmissions, the blocks
of Figure 1 employed for multi-carrier transmission are depicted with bold borders. In the same figure,
the blocks used for implementing asynchronous reception, which are not considered in case of syn-
chronous reception, are marked with shades. Because the multiple access scheme used for downlink
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differs from the one used for the uplink [21], the system model under consideration assumes that with
perfect timing synchronization, the user signals are demultiplexed and fully recovered at the satellite
from the aggregated signal.

The first blocks of Figure 1 encode and modulate the information bits to be sent. The modulator is
a key part of this study, where alternatively LM or CPM is employed. After the modulator, a discrete
Fourier transform (DFT) block, depicted as M -DFT, where M is the order of the transformation, pro-
cesses the signal prior to the sub-carriers allocation. The DFT is the key for the beneficial properties
of the SC-FDMA envelope, which has properties closer to that of a single-carrier signal rather than
that of an orthogonal frequency-division multiple access (OFDMA) signal, hence allowing a higher
resilience to non-linear distortion. After the DFT, the sub-carrier mapping block allocates the out-
put of the DFT to the sub-carriers of the SC-FDMA symbol. The following two mappings strategies
are considered:

® [ocalized carrier frequency-division multiple access (LFDMA) whereby each user is assigned a
contiguous group of sub-carriers.

® Interleaved frequency-division multiple access (IFDMA) whereby each user’s sub-carriers are
evenly interlaced with the other users sub-carriers.

After the sub-carrier allocation, an inverse discrete Fourier transform (IDFT) operation is employed
before the CP insertion.

If we consider the return link of a satellite communication system where each user emits M symbols
Xk, k = 1,2,..., M, obtained through a proper mapping of coded information bits, the vector, x,
which groups the symbols xy, is processed via a DFT to obtain the vector X as follows:

X =Fyx (1)
where Fjs is the DFT matrix having order M. In case of LFDMA, X is zero padded with N — M

zeros, to form X', while in case of IFDMA, X is up-sampled by a factor N/ M, to obtain the vector X’
still having length equal to N. Mathematically, this can be expressed as follows:

M N—-M
e | e N
X =[X{,X2,.... X3 00...0] 2)
in case of LFDMA, and
N-—_M N—_M N-—_M
M M M
—~—— —~—— —~——
X =[X,0...0,X5,0...0...X30...0] 3)

in case of IFDMA. Vector X/, corresponding to either LFDMA or IFDMA, is further processed through
an IDFT, thus obtaining the vector X' = F} X'. Then a CP is inserted, and the signal through the
transmit filter is converted to analog, yielding x (¢), frequency up-converted, amplified, and transmitted.

The SC-FDMA can yield the advantages of a commonality with terrestrial waveforms while pro-
viding an acceptable resilience to non-linear distortion. There are two degrees of freedom, which can
be exploited to improve such resilience. On the one hand, the sub-carrier allocation, that is, LFDMA
or IFDMA, can be efficient in reducing the intermodulation effects. On the other hand, the user’s
symbol set can provide an additional margin against distortion. For example, although it is known
that a quadrature phase-shift keying (QPSK) modulation is very robust to channel impairments and
transceiver non-linear behavior, it is still unclear whether or not this is the best possible mapping in
terms of resilience to non-linear distortion for SC-FDMA. For this reason, in the following, we con-
sider two possible modulations for the x; symbols: (i) a conventional QPSK modulation, in which the
symbols are drawn from the alphabet

“4)

{1—!—] 1—7 -1+ —1—]}
Xopsk =

V2T V2 V2 V2
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and (ii) an alternate modulation scheme based on MSK signals, in which we use the signal set as shown
previously but avoid a  phase-shift signal transition among consecutive symbols, thus allowing only
/2 phase transitions. Mathematically, a time-continuous baseband MSK signal can be expressed
as follows:

Tt . Tt
m(t) =Y (1 = 2by) cos (E) — (1 = 2byj41) sin (E) (5)

k=0

where by are the information bits, 1 — 2by is the mapping from bits to antipodal symbols, and T} is
the bit duration.

For the proposed SC-FDMA mapping, the aforementioned signals are sampled at a rate equal to the
bit time, and we obtain samples that belong to a QPSK constellation while avoiding a = phase shift
between two consecutive symbols. Notably, a difference with respect to [22] is that we neglect trellis
termination, so this mapping yields the same SE of a QPSK modulation.

The analog signal x(¢) is then amplified by an HPA having non-linear characteristics when it
operates near to its saturation point. In general, the amplifier output can be expressed as follows:

xq(t) = G[p([)]e]{‘/f(t)-f—cb[p(t)]} ©

where p(¢) and v (¢) represent the envelope and the phase of x(¢), and G[-] and ®[-] represent the
AM/AM and AM/PM characteristics of the HPA, respectively.

In the following, we present three commonly used models for various non-linear HPA. Note that
we consider only memoryless, frequency-flat HPA models, in which the current output signal depends
only on the input current signal, and the characteristics of the HPA do not depend on the frequency of
the input signal.

A solid-state HPA is commonly modeled using the Rapp [23] AM/AM transfer function, that is,

Glpl = 5
where p is a parameter of the model known as smoothing factor, which typically takes a value
equal to 2.

Because an HPA can also have a phase conversion effect, which is not present in the Rapp model,
for this model, the AM/PM curve was mimicked with a parabolic transfer function. Such HPAs, with
strong phase conversion characteristics, are commonly modeled according to Saleh’s model [24],
where the non-linear gain function G[p] and the non-linear phase function ®[p] are commonly
expressed as follows:

)

Ugp

Glp] = 15 Bap? (®)
2
ol = 5 ©)

with parameters o, B4, &), and B, assuming typical values taken from [24].

For the third amplifier model, we considered the so-called clipping amplifier [25]. In particular,
assuming that the amplifier is ideally predistorted, its characteristics will be, up to a certain value,
linear and then flat, because the predistorter would be unable to efficiently compensate the amplifier
distortion after a certain level. In this case, the ideal clipping model is used to the cascade of predistorter
and amplifier, so that

G|p] = min{p, 1} (10)

3. EFFICIENT MAPPING SCHEMES FOR SINGLE-CARRIER FREQUENCY-DIVISION
MULTIPLE ACCESS

This section proposes an efficient mapping scheme suitable for SC-FDMA satellite communications.
As previously mentioned (Section 2), we focus on two possible mapping schemes belonging to the LM
and CPM families, respectively.
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The adaptation of waveforms, which are typically used in single-carrier satellite communication
systems, to equivalent ones employing multi-carrier systems, is not straightforward as their inter-
changeable use does not necessarily lead to improved performance. For example, the currently used
waveforms for single-carrier satellite communication systems are selected for certain fading channel
models [26]. These waveforms are not necessarily the most appropriate for multi-carrier systems
mainly due to the intrinsic characteristics of multi-carrier communications, especially in terms of high
peak-to-average power ratio (PAPR), leading to detrimental effects to the satellite transceiver [27].

Moreover, the waveforms designed for single-carrier communications cannot exploit the advantages
of multi-carrier communications due to their higher sensitivity in the presence of non-linear distor-
tion, which is typical of a satellite communication system [28]. Naturally, the possibility of having a
similar and compatible waveform between satellite and terrestrial systems has been considered in the
past, as an important advantage for enhancing the interoperability between these two communications
systems [29]. To this end, it is noted first that there are several examples of multi-carrier modulations
for satellite systems, for example, considering the normative documents, we can cite the digital video
broadcast — next-generation handhelds [30] and the DVB-RCS2 implementation guidelines [31].

For these cases, the waveform is based on SC-FDMA, which preserves the advantages of multi-
carrier schemes, but has smaller envelope fluctuation as compared with OFDMA, thus being more
suitable for the non-linear satellite channel [27]. The use of single-amplitude CPM signals in connec-
tion with SC-FDMA was first proposed in [22]. In particular, it was shown that it is possible to achieve
a quasi-constant envelope for an SC-FDMA waveform by employing single-amplitude CPM signals,
with increased robustness to non-linear distortion. Further, the adoption of a modulation scheme with
memory allows the use of iterative demodulation-decoding algorithms, with an improvement in the
detection performance.

To design an SC-FDMA waveform suitable for satellite communications, and hence resilient to non-
linear distortion, a possible solution is presented here by using CPM signals. For this task, we are
targeting cost efficiency as well as SE. Note that the potential cost improvement can be achieved with
either an increase of the SE or a reduction in the terminal cost, the latter being significantly influenced
by the cost of the RF component rather than the baseband component. For this reason, our attention
is focused on waveforms, which are robust to non-linear distortion, so that they can be employed in
conjunction with low-cost HPA. Building upon [17], we focus on the simplest case of CPM, that is,
MSK, and we present results for the in-band distortion and out-of-band spectral regrowth of an SC-
FDMA system based on MSK modulation [32]. Intuitively, the cascade of DFT and IDFT blocks of an
SC-FDMA transmitter can still preserve some of the features of the signal, so that in case the mapping
symbols have slow phase transitions, the output will still have slow dynamics. In this way, it is expected
that the output signal will be less affected by non-linear distortion.

In the following, we consider an SC-FDMA system with 1024 sub-carriers allocated to four
users, either in a localized or in an interleaved fashion. The performance results have been derived
considering the MER as the figure of merit, which gives a quantitative insight on the in-band distor-
tion, and the signal spectrum as a qualitative insight on the out-of-band distortion. The MER is defined
as the ratio between the average energy of the signal constellation and the energy of the error, which is
the difference between the received symbol and the original constellation point [33]. In mathematical
terms, letting Xz, where k = 1,2,..., M, be the received counterpart of x;, we have

M
Zk:l |ch|2
M~
Dok Xk — xi|?

From the foregoing equation, it is clear that the MER can be seen as the inverse of the normalized
mean square error. It is noted that this figure of merit is more accurate than the PAPR in predicting
the system performance. This happens because a PAPR plot shows the tails of the signal amplitude
distribution, hence providing a qualitative insight on the performance, while the MER quantitatively
shows the impact of the signal dynamics after a non-linear amplification device.

First, we focus on the in-band distortion, showing in Figure 2 the performance in terms of MER for
the two different amplifier models, that is, Rapp and ideal clipping for a variable input backoff (IBO).
The comparison has been performed for interleaved and localized MSK and for QPSK with IFDMA.

MER = (11
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Figure 2. Modulation error ratio (MER) versus input backoff (IBO) for minimum-shift keying (MSK) single-
carrier frequency-division multiple access (SC-FDMA) and comparison with quadrature phase-shift keying
(QPSK) SC-FDMA: (a) Rapp amplifier and (b) ideal clipping.

The QPSK with IFDMA is used as a benchmark because it can be considered as the sub-carrier map-
ping scheme with the best performance over non-linear channels [27]. The IBO is an important system
parameter describing the amplifier operating point by relating the saturation power of the HPA to the
average power of the input signal, that is,

P_sat
IBO = 12
P, (12)
where P3%' is the input saturation power, P;, = E[|x(t)|?] is the average input power, and E[]

denotes the expectation operator.

As the performance evaluation results of Figure 2 illustrate, the interleaved SC-FDMA is more
resilient than the localized SC-FDMA. This finding is consistent with the results presented in [27].
However, more interesting is the observation that the MSK mapping outperforms the QPSK mapping
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Figure 3. Power spectral density of the QPSK SC-FDMA and the MSK SC-FDMA signals with /BO = 0 dB: (a)
Rapp amplifier and (b) ideal clipping. IBO, input backoff; MSK, minimum-shift keying; SC-FDMA, single-carrier
frequency-division multiple access; QPSK, quadrature phase-shift keying.

not only for a Rapp-modeled amplifier but also in case of an ideal clipping amplifier, which corresponds
to the case of ideal predistortion. Furthermore, in order to investigate the out-of-band figures of merit,
the spectra for interleaved MSK SC-FDMA and interleaved QPSK SC-FDMA after non-linear distor-
tion have been obtained and are illustrated in Figure 3. From these results, it can be observed that the
MSK SC-FDMA spectrum is always lower than the QPSK SC-FDMA spectrum, in the first adjacent
bands when ideal clipping is considered and over all the adjacent bands in case of Rapp amplifier.

In summary, our results have been shown that the MSK SC-FDMA is always outperforming the
QPSK SC-FDMA, and the performance gap increases when the amplifier shows a milder distortion.

4. MULTI-AMPLITUDE CONTINUOUS PHASE MODULATION SCHEMES

As mentioned in the Introduction, in order to increase the SE of CPM signals, a natural approach is
to employ MA-CPM signals [12]. Here, we revisit the subject of MA-CPM because it has received
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only limited attention in the past possibly because of their complex signal structure as well as the
rapid advancement and accumulated know-how for quadrature amplitude modulation (QAM) type of
LM signals. Thus, on this subject, there have been very few papers published in the open technical
literature, for example, [12, 17, 34, 35]. In particular, the spectral and distance characteristics of MA-
CPM signals have been investigated in a linear channel [34]. In [12], some very general transceiver
structures for MA-CPM signal have been presented. In [35], the performance of MA-CPM signals has
been evaluated for optical communication systems. In [17], a detailed performance study of MA-CPM
signals based on MSK modulation formats, which have been termed as multi-amplitude MSK, has been
presented. More specifically, this paper investigated the performance of a two-amplitude minimum-
shift keying (2A-MSK) in the presence of an AWGN channel by including also the effect of non-ideal
synchronization and various experimental performance evaluation results.

Following [17], we have investigated the performance of the transmitted structure illustrated in
Figure 4. It consists of two MSK modulators, like the ones described from (5), followed by square root
raised cosine (SRRC) filters with an excess bandwidth « and two non-linear HPAs.

In order to implement the desired 2A-MSK signal, the amplitude of the signal at the output of the
second MSK modulator is multiplied by a factor of two. Unless otherwise stated, it is assumed that both
MSK modulators and SRRC filters are identical, and the two HPAs follow the Rapp model as described
in Section 2. The main advantage of this transmitter structure is that the two transmitted MSK signals,
superimposed at RF, maintain their constant envelope properties, so that their out-of-band energy after
the non-linear amplification remains low. On the other hand, the disadvantage of this approach is that
it requires the use of an additional HPA. The proposed transmitter has been implemented in software,
and typical state-space diagrams (with or without SRRC filtering) obtained by means of computer
simulations are illustrated in Figure 5.

The block diagram of the receiver structure is depicted in Figure 6, where it is assumed that the
receiver has perfect carrier and symbol timing synchronization. The decision logic block appropriately
separates the two amplitude signals’ levels to recover the initial transmitted information sequences.

MSK Modulator
(see eq. 5)

2 MSK Modulator _
" (see eq. 5) >| SRRC "{>_>

Figure 4. Block diagram of the two-amplitude MSK transmitter. HPA, high power amplifier; MSK, minimum-
shift keying; SRRC, square root raised cosine.
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Figure 5. State-space diagrams of the transmitted two-amplitude minimum-shift keying signal: (a) unfiltered, (b)
filtered before high power amplifier (HPA), and (c) filtered after HPA.
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Figure 7. Power spectral densities of the transmitted multi-amplitude signals after the high power amplifier

(HPA). APSK, amplitude and phase-shift keying; 2A-MSK, two-amplitude minimum-shift keying; QPSK, quadra-

ture phase-shift keying; 2A-QPSK, two-amplitude QPSK; OQPSK, offset QPSK; 2A-OQPSK, two-amplitude
OQPSK; QAM, quadrature amplitude modulation.

The performance of the proposed transceiver structure has been tested by a series of computer-
simulated experiments, and various evaluation results have been obtained by means of Monte Carlo
trials. For a fair comparison, we have also evaluated the performance of equivalent LM signals, that is,
two-amplitude QPSK (2A-QPSK) and offset QPSK (OQPSK) signals, termed as 2A-QPSK and two-
amplitude OQPSK, respectively. Their implementation is very similar to the 2A-MSK implementation,
the only difference being the replacement of the two MSK modulators shown in Figure 4 and an
equivalent modification of the receiver structure shown in Figure 6. The performance evaluation results
were also compared with similar results obtained for the more traditional multi-amplitude schemes
such as 16-QAM and 16-amplitude and phase-shift keying (16-APSK). Unless otherwise stated, all the
results have been obtained with SRRC filters with o = 0.35.

The first set of performance evaluation results showing the advantage of the transmitted 2A-MSK
signal is presented in Figures 5 and 7. Its insensitivity to non-linear distortion can be clearly observed
by comparing the state-space diagrams of Figure 5(b) and 5(c) (before and after non-linear ampli-
fication). This can be also noted from Figure 7 where the proposed 2A-MSK signal outperforms in
out-of-band spectral regrowth, the equivalent (in terms of SE) 16-QAM and 16-APSK signals. The
performance of these three modulation formats has been further evaluated, and detailed performance
comparisons in terms of additional performance criteria, including bit error rate (BER) and total degra-
dation (TD), have been obtained in [36]. However, because of space limitations, here, we will be
focusing on their SE performance, and only a brief summary of our most important findings with
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Figure 8. Spectral efficiency versus adjacent channel interference degradation for the proposed two-amplitude
minimum-shift keying (2A-MSK) transceiver in the presence of a high power amplifier: (a) Rapp and (b) Saleh.
APSK, amplitude and phase-shift keying; QAM, quadrature amplitude modulation.
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Figure 9. Spectral efficiency versus adjacent channel interference degradation for the proposed two-amplitude
minimum-shift keying (2A-MSK) transceiver without a high power amplifier. QPSK, quadrature phase-shift
keying; 2A-QPSK, two-amplitude QPSK; OQPSK, offset QPSK; 2A-OQPSK, two-amplitude OQPSK.

respect to the other performance criteria will be presented. The detailed overview of the complete set
of results has been presented in [36]. For example, it was found that although the BER performance of
these modulation schemes in an AWGN channel is similar, the TD performance of the proposed 2A-
MSK was the best. We have also investigated the sensitivity of the 2A-MSK scheme in the presence
of non-linear HPAs with different phase characteristics, that is, with AM/PM distortion using the
Saleh model [24]. The obtained results have been shown that for a phase difference of 10°, there is
a TD degradation of less than 2 dB, as compared with the case where the two HPAs are identical.
In this case also, the proposed 2A-MSK significantly outperforms the other two modulation schemes.
Moreover, BER performance evaluation results for a coded 2A-MSK modulation scheme have been
obtained for a binary, non-systematic, and non-recursive convolutional code with a rate of 1/2 and a
polynomial trellis of (3 5 7), which has been proposed in the DVB-RCS2 standard. It is noted that
the receiver structure shown in Figure 6 was slightly modified in order to include the appropriate hard
decision decoding necessary for appropriate signal detection.
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Focusing now on the SE performance, Figure 9 presents the SE versus degradation (for a BER level
of 10~3), which occurs because of an artificial increase of the adjacent channel interference (ACI). For
obtaining the SE, we have used the approach suggested by the DVB-RCS2 standard [4, p. 177], that is,

SE — R -loga(A) (13)
Dy -T;

where R, is the code rate, D s the carrier spacing, A the constellation order, and T the symbol
duration. In our simulations, although we used the same levels of ACI as those used to obtain the
performance results reported in DVB-RCS2, we have used only two adjacent channel interferers (one
above and below the useful signal), instead of the four adjacent channel interferers used in the DVB-
RCS2 standard. As illustrated in Figure 8, the SE achieved by the proposed 2A-MSK modulation is
almost 4 b/s/Hz, whereas the CPM modulation schemes used in the standard achieve only 1.8 b/s/Hz
(with a convolutional code rate of 6/7) — see [4, Table 10.7, p. 178].

Finally, we have performed SE comparisons for the 2A-MSK and the 16-APSK and 16-QAM
schemes assuming that the second amplifier depicted in Figure 4 is operating at 0-dB IBO, while the
first one is operating at 6-dB IBO (due to the x? factor of the second signal component). As shown
in Figure 8, in terms of SE, the proposed scheme can double the SE currently achieved by (single
amplitude) CPM signals proposed in the DVB-RCS2 standard. It is noted that we have not included
the other two hierarchical schemes as they have inferior SE performance (Figure 9). Figure 8(a) shows
the achieved SE versus degradation, which occurs because of artificially increasing ACI in the case
that we are operating at 0-dB IBO with amplifiers following the Rapp model. The obtained SE per-
formance evaluation results clearly show the significant superiority of the proposed 2A-MSK scheme.
Figure 8(b) illustrates the achieved SE versus degradation, which occurs because of amplifiers follow-
ing the Saleh model for the same candidates (this model was considered to illustrate the possibility
to have phase changes). Similarly to the Rapp model case, this plot shows again the significant SE
performance gains that the 2A-MSK scheme can achieve in ACI environments compared with LM.

5. SINGLE-CARRIER FREQUENCY-DIVISION MULTIPLE ACCESS SYNCHRONIZATION

As well known, SC-FDMA is a multi-carrier air interface, which makes use of orthogonal sub-carriers,
and orthogonality requires timing and frequency precision. In this section, we investigate SC-FDMA
synchronization in the GEO satellite fixed channel using preamble-aided techniques and an integrated
RACH. In this regard, our study is independent of the modulation scheme (e.g., QPSK or CPM) used
for the data sub-carriers. We demonstrate how frame timing synchronization can be achieved for a
new user entering the network and consider the effect of the GEO satellite drift on cyclic prefix and
sub-carrier spacing. We also investigate algorithms for multi-user frequency estimation at the gateway.

The forward link timing synchronization is a simpler problem because all return channel via satel-
lite terminals (RCSTs) receive transmission from the Network Control Center (NCC) and are therefore
synchronized with the transmitter. Each RCST simply has to synchronize its receiver to the forward
link frame and then extract its own information based on the allocated sub-carriers. However, in the
return link, different users with different propagation delays transmit to the NCC on different sub-
carriers within the same frame. In order to maintain orthogonality, it is essential that all RCSTs are
time synchronized at the NCC. The SC-FDMA waveform depends strongly on frame timing and car-
rier frequency synchronization of all users in order to mitigate inter-symbol interference, inter-carrier
interference, and multiple access interference (MAI).

Motivated by the aforementioned discussion, in this section, we discuss and propose solutions
for synchronization acquisition and tracking. Synchronization acquisition focuses on frame timing
offsets estimation at logon in order to correct differential propagation delays in the presence of resid-
ual frequency offsets and amplifier non-linearity. We assume that after synchronization acquisition,
the magnitude of residual symbol timing and carrier frequency errors fall within the CP length and
sub-carrier spacing, respectively. Therefore, synchronization tracking focuses on fractional frequency
estimation for each user channel at the NCC.
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5.1. Synchronization acquisition

Uplink synchronization in OFDMA systems has been extensively investigated in the past [18] for ter-
restrial systems, and some specific approaches have been implemented for the terrestrial long-term
evolution (LTE) air interface [37-39]. The LTE approach is preamble based, and this is also compat-
ible with the current DVB-RCS2 standard specifications [1]. Relatively, few papers have also studied
various aspects of SC-FDMA synchronization for geostationary satellite channels [19, 20]. Timing
alignment of the uplink transmissions in LTE is achieved by applying a timing advance at the user
equipment (UE), relative to the received downlink timing [37-39]. The main role of this is to coun-
teract differential propagation delays between UEs. After a UE has first synchronized to the downlink
transmission, the initial timing advance is set by means of a random access procedure. This is then
updated from time to time, to counteract changes in the arrival time of the uplink signals at the base sta-
tion. Such changes may arise from the changes in propagation delay, oscillator drift in the UE, where
the accumulation of small frequency errors over time may result in timing errors, and Doppler shift
arising from the movement of the UE, thus resulting in an additional frequency offset of the uplink
signals received at the base station.

It is assumed that each user acquires uplink synchronization at logon. Firstly, a user terminal
acquires frame timing and carrier frequency parameters based on the forward link signal (e.g., second
generation of DVB via satellite) at downlink synchronization. It is reasonable to assume that residual
frequency errors, with regard to the downlink carrier in the forward link, are less than few multiples
of the sub-carrier spacing, while residual timing errors with regard to the downlink frame are less than
the CP duration.

In order to solve the problem of significantly larger propagation delays in the GEO satellite channel
as compared with the terrestrial channel, we propose the use of global positioning system (GPS)-based
timing pre-compensation at each RCST as shown in Figure 10.

This requires the implementation of a GPS device at each user terminal, which is considered afford-
able. The advantage of using this approach is that the RACH can be dimensioned with highly reduced
overhead in terms of guard time. This is because a GPS device located at each RCST will track its cur-
rent location with substantial accuracy. This can then be combined with the satellite location data and
the NCC coordinates to calculate the specific propagation delay between the NCC and each RCST. The
calculated delay can then be pre-compensated for each RCST before the random access procedure.
The effect of using the proposed approach is that the timing misalignment (i.e., relative timing delay)
between RCSTs is significantly reduced from an order of milliseconds to an order of nanoseconds
as shown in Table I. The residual timing errors can easily be accommodated within an associated CP,
as a negligible overhead.

For SC-FDMA synchronization acquisition in the satellite return link, a conventional approach such
as in LTE is to dimension the RACH within an SC-FDMA superframe. The random access pream-
bles used in the LTE standard are Zadoff—-Chu (ZC) sequences, which have good periodic correlation

GPS-based pre-compensation -~ Random access preamble | Timing advance command
at RCST detection at NCC d to RCST

Figure 10. Uplink timing acquisition stages. RCST, return channel via satellite terminal; NCC, Network Control
Center.

Table I. Pre-compensation accuracy.

Beam radius (A4) (km) 600 300 100
Speed of light (C) (m/s) 3.108
Maximum two-way differential delay (D = 2A4/C) (ms) 4 2 0.67
Minimum position accuracy of GPS device (E) (m) 10 10 10
Pre-compensation accuracy (F = 2E/C) (ns) 67 67 67
Copyright © 2015 John Wiley & Sons, Ltd Int. J. Satell. Commun. Network. (2015)
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properties and robust performance in the presence of frequency offset [40—42]. Their constant ampli-
tude property makes them an attractive option for non-linear transmissions [23] in the satellite return
link. Therefore, the use of ZC sequences as training symbols can be combined with the use of CPM as
data symbols, to achieve a robust SC-FDMA waveform in the satellite non-linear channel.

After downlink synchronization has been achieved in the forward link, the parameters of the RACH
have been established, and GPS-based timing pre-compensation has been performed, each RCST
transmits a random access preamble to the NCC based on ZC or pseudo-random noise sequences as
shown in Figure 1. This is detected by the NCC as part of the uplink synchronization acquisition pro-
cedure (Figure 1) and the appropriate timing error established as integer multiples of the orthogonal
frequency-division multiplexing (OFDM) sampling duration. The NCC then sends a timing advance-
ment command to the RCST in order to pre-compensate for the detected timing errors. Furthermore,
the integer frequency error within the RACH (if any) is established, and the terminal receives instruc-
tion to adjust its frequency accordingly. Each RCST must acquire synchronization at logon in order to
maintain a synchronous SC-FDMA system.

5.2. Synchronization tracking

The satellite drift in GEO leads to differential Doppler shifts with respect to the different user termi-
nals. As a baseline approach, it is proposed that the sub-carrier spacing of the SC-FDMA system is
dimensioned to be greater than the maximum Doppler shift arising. This will guarantee that the carrier
frequency offset (CFO) always has a fractional value at the tracking stage. This approach is necessary
because the presence of significant MAI in the received signal at the NCC will degrade the frequency
estimation accuracy.

In order to achieve reliable frequency synchronization, it is required to transmit training sequences
within each user channel because the frequency offsets will vary per user transmission. We have
investigated a viable approach for multi-user frequency estimation at the NCC based on sequences
embedded within the shared user data channel. This includes a review of several frequency estimation
algorithms for single-user OFDM systems [43—46] and how to adapt these algorithms to work in the
multi-user SC-FDMA system. A general concept of frequency estimation as discussed in these algo-
rithms is the use of repetitive symbols in the time domain. These can be appropriately designed in
the frequency domain. A basic framework for achieving frequency synchronization tracking is shown
in Figure 11. This corresponds to the uplink synchronization loop as shown in Figure 1. It includes
transforming the received signal to the frequency domain in order to extract the received preamble
sub-carriers for a specific user. These are then transformed back into the time domain with appropriate
nulls assigned to the other user sub-carriers in order to obtain the time-domain equivalent signal with
repetitive parts. Consequently, fractional frequency estimation and correction are both achieved in the
time domain.

Figure 12 shows the estimation performance of a ZC-based preamble using Schmidl’s method [44]
for an SC-FDMA user transmission received in the gateway in the presence of inter-carrier interfer-
ence, MAI, and Rapp non-linearity [23]. The preamble consists of a ZC sequence (root = 7 and
length = 27) spread over a user channel of 64 sub-carriers per symbol in an SC-FDMA system with
Nrrr = 256. A total of 10 sub-carriers are used as guard bands for the preamble in frequency domain,
while the ZC sequence is transmitted as one SC-FDMA symbol with two identical parts. It can be
seen that the algorithm achieves good performance close to the Cramer—Rao lower bound (CRLB)
for frequency estimation in an AWGN channel for an observation window of Npp7 time-domain
samples [18].

Rx Signal N-point Rx Preamble N-point Frequency Estimation &
(Time domain) |—y| DFT [_yf(Frequency Domain) |—y| IDFT [ Correction
(Time domain)

Figure 11. Uplink frequency tracking stages. DFT, discrete Fourier transform; IDFT, inverse discrete Fourier
transform.
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Figure 12. Frequency estimation performance (with guard bands). CFO, carrier frequency offset; CRLB, Cramer—
Rao lower bound; MSE, mean square error; ZC, Zadoff—Chu.
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Figure 13. Frequency estimation performance (no guard bands). CFO, carrier frequency offset; CRLB, Cramer—
Rao lower bound; MSE, mean square error; SNR, signal-to-noise ratio; ZC, Zadoff—Chu.

Figure 13 shows the estimation performance when no guard bands are used for the preamble. In
this instance, the preamble consists of a ZC sequence (root = 7 and length = 32) spread over a
user channel of 64 sub-carriers. It can be seen that the frequency mean square error degrades because
of increased interference from adjacent users. Therefore, it is important to isolate the estimation
bandwidth for robust estimation accuracy.

An important factor to note is that frequency estimation accuracy (as defined by the CRLB) increases
with fast Fourier transform (FFT) size because there are more independent samples within the obser-
vation window. On the other hand, a large FFT size implies small sub-carrier spacing for a fixed carrier
bandwidth, thereby resulting in a long OFDM symbol duration, which is consistent with a CP design
for minimum overhead. Therefore, it can be said that the maximum Doppler shift arising due to the
GEO satellite drift plays a critical role in the SC-FDMA system design, because it must be lower than
the sub-carrier spacing.
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6. CONCLUSIONS

Within the context of the DVB-RCS2 return link air-interface standard, in the research reported in this
paper, we have worked towards the Tbit/s communication requirements as presented in the Advanced
Research in Telecommunications Systems 1 program by ESA. More specifically, the focus of this paper
has been on the lower layers by proposing an efficient mapping technique that exploits in a better way
multi-carrier communications. Such type of communications has been selected because of its higher
flexibility as compared with the more traditional single-carrier communications and because of the
inherit advantage of considering a scheme already widely used in terrestrial communications.

The first set of results presented was a performance comparison between SC-FDMA waveforms,
which employed classical QAM types LM and CPM using novel mapping schemes. For this, different
types of power amplifier models have been used in order to assess the employed mapping techniques.
It has been shown that the proposed CPM schemes are more robust to both in-band and out-of-band
non-linear distortion. In addition, MER performance evaluation has shown that the use of CPM sig-
nal as opposed to the use of LM signals can lead to further improvements. It is noted that the use
of multi-carrier systems for future broadband and broadcast satellite applications is very interesting
and worth pursuing further. Indeed, the use of satellite multi-carrier communications, even coupled
with CPM, would open many interoperability solutions between satellite and terrestrial state-of-the-art
telecommunication systems in which multi-carrier communications are widely employed.

We have also investigated the performance of a MA-CPM scheme, termed as 2A-MSK. It was based
upon the superposition of two MSK signals at the RF level and thus requires the use of an additional
HPA. In comparing the performance of the proposed 2A-MSK scheme with other equivalent modula-
tion schemes such as 16-QAM and 16-APSK as well as 2A-QPSK and two-amplitude OQPSK, various
evaluation results have been obtained, including BER, TD, and SE. These results have been shown
that, as compared with the 16-QAM types modulation schemes, the proposed scheme can significantly
improve the SE in the presence of ACI. Specifically, the proposed 2A-MSK scheme can double the SE
currently achieved by the CPM schemes proposed in the DVB-RCS2 standard. Although this can be
achieved at the expense of increased power requirements by approximately 3 dB, it is underlined that
increasing the SE is a major step forward towards achieving in the future Tbit/s capacities.

Finally, we have investigated a viable and efficient framework for achieving reliable timing and
frequency synchronization in an SC-FDMA satellite return link. This involves a combination of
GPS-based pre-compensation of differential timing between user terminals, preamble detection in an
integrated RACH, and user channel frequency estimation based on repetitive symbols in the time
domain. It has been shown that GPS-based delay pre-compensation can improve the frame timing
uncertainty from an order of milliseconds to an order of nanoseconds, and this can be accommodated
with the CP as a negligible overhead. Furthermore, the user channel frequency estimation is shown
to be effective and close to the hard CRLB for the FFT size. The proposed synchronization technique
would involve the implementation of a GPS receiver at each RCST. GPS receivers are commonly
incorporated into many mobile devices nowadays. Hence, the additional cost incurred is considered
negligible as compared with overall cost of the RCST.
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