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Abstract: For high data rates satellite systems, where multiple carriers are frequency division multiplexed with a slight overlap,
the overall spectral efficiency is limited. This work applies highly overlapped carriers for satellite broadcast and broadband sce-
narios to achieve higher spectral efficiency. Spectrally efficient frequency division multiplexing (SEFDM) compresses subcarrier
spacing to increase the spectral efficiency at the expense of orthogonality violation. SEFDM systems performance degrades com-
pared to orthogonal signals, unless efficient interference cancellation is used. Turbo equalisation with interference cancellation
is implemented to improve receiver performance for variable coding, compression and modulation/constellation proposals that
may be applied in satellite communications settings. Such parameters may be set to satisfy pre-defined spectral efficiency val-
ues for a given quality index (QI) or associated application. Assuming LDPC coded data, the work proposes two approaches to
receiver design; a simple matched filter approach and an approach utilising an iterative interference cancellation structure specially
designed for SEFDM. Mathematical models and simulations studies are presented indicating promising gains to be achieved for
SEFDM transmission with advanced transceiver architectures at the cost of increased complexity at the receiver.

1 Introduction

Given the scarcity of the available spectrum over satellite, coupled
with the challenge to maximize satellite mass efficiency and trans-
mit with high data rates in broadband and broadcasting applications,
three main aspects for the system efficiency are to be improved: i)
Payload mass efficiency through sharing the satellite’s transponder
by multiple carriers; ii) bandwidth efficiency by packing subcarri-
ers closer to each other and using high-order modulation schemes;
iii) power efficiency by operating the high power amplifier (HPA)
close to its saturation region. For the first two aspects, interference
avoidance has been the dominant paradigm in the design of con-
ventional satellite communication systems to ensure that a simple
receiver structure can effectively recover the transmitted informa-
tion [1]. Frequency division multiplexing (FDM) is used in current
satellite broadcast standards [2] to seperate subcarriers in frequency,
where the number of subcarriers is limited (4 to 6) per transponder
[3]. For a more efficient use of bandwidth, overlapping in the fre-
quency domain is allowed while maintaining orthogonality between
subcarriers. An example of overlapping frequency domain signals
is orthogonal frequency division multiplixing (OFDM), where the
spacing between the subcarriers must be set equal to the symbol rate
of the information transmitted on each subcarrier [4]. To improve
the satellite system efficiency, recent research has shifted its focus
towards the interference management and exploitation paradigm
[3]. In these systems, interference is no longer avoided, but inten-
tionally introduced and mitigated by the use of specially designed
transceiver architectures. The recent report of [5] derives an expres-
sion which shows that non-orthogonal multi-carrier signals have the
potential to achieve higher capacity limits compared to Nyquist sig-
nals. Non-orthogonal signals with higher capacity are promising
for future communication systems, especially in bandwidth-limited
applications, such as satellite.

A marked contribution of improving spectral efficiency was pro-
posed in 1975 by Mazo [6], where it was proven that, in a single
carrier scenario, a 25% gain in spectral efficiency can be achieved
at the same bit error rate (BER) and energy per bit Eb. This can
be extended to a multi-carrier system by getting the subcarriers
closer while compromising the orthogonality, as proposed in 2003,

for non-orthogonal multi-carrier signal format named spectrally effi-
cient frequency division multiplexing (SEFDM) [7] that achieves
spectral efficiency gains by packing the subcarriers closer (relative
to OFDM), while compromising the orthogonality. The multi-stream
faster than Nyquist (FTN) technique proposed in [8] [9], is SEFDM’s
time domain counterpart and has similar spectral efficiency gains
with little error performance loss relative to OFDM. Another spec-
trally efficient technique combines SEFDM with FTN to what is
termed "time-frequency packing", where the time and frequency
spacing are chosen to maximize the spectral efficiency [10].

SEFDM symbols are generated in a similar manner to OFDM
using modified IFFT structures [11], yet they require more complex
receiver structures [12]. Despite the non-orthogonality, techniques
generally used in wireless systems, such as channel coding, channel
estimation and equalisation have been applied to SEFDM with modi-
fications and have led to systems where significant spectral efficiency
gains were demonstrated in experimental wireless [13], optical/mm-
wave [14] and very high speed optical [15] test beds. The work in
this paper is motivated by aiming to improve the spectral efficiency
to that of OFDM and beyond.

Although this paper focuses on optimising satellite systems spec-
tral efficiency and assumes the system is operating in the linear
region of the amplifier, it is important to emphasise that interest-
ing results in [16] showing SEFDM exhibits lower peak to average
power ratio (PAPR) compared to OFDM and that the PAPR of
SEFDM decreases by increasing bandwidth compression. Thus,
the possibility of SEFDM signal to reach the saturation region
of the HPA is lower than that of OFDM and this is considered
as an extra advantage. Furthermore, SEFDM promises to provide
increased spectral efficiency at least for low-order modulation for-
mats. Improving the achievable spectral efficiency without increas-
ing the number of rings in the constellation amplitude phase shift
keying (APSK) can be considerably convenient, since it is well-
known that low-order constellations are more robust to channel
impairments such as time-varying phase-noise and non-linearities
[1].
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In digital video broadcasting for satellite second generation
(DVB-S2) [17], variable coding and modulation (VCM) is com-
monly applied to optimise the spectral efficiency and provide dif-
ferent levels of error protection to different service components (e.g.
SDTV and HDTV, audio, multimedia). DVB-S2 based on SEFDM
provides more freedom in optimising the system by adding another
variable to VCM to become variable coding, compression (packing)
factor � and modulation (VCCM).

The inherent inter-carrier interference (ICI) of SEFDM signal
creates an environment with substantial distortion that will be
severely damaging if left uncompensated. The self-induced interfer-
ence between subcarriers is conceptually similar to ICI in OFDM
but with far more severity. Different algorithms are developed to
overcome ICI, which provide suboptimal solutions with lower com-
plexity compared to the optimal maximum likelihood sequence
estimation (MLSE). For instance, after the substantial performance
gains of turbo coding and decoding algorithms [18], maximum apos-
teriori (MAP) turbo equalisation with an iterative equalisation and
decoding was proposed by Douillard et al. in [19]. Impressive perfor-
mance is gained by the MAP equaliser for systems that suffer from
inter-symbol interference (ISI), where soft information, in the form
of prior probabilities, is iteratively exchanged between detection and
decoding [19]. Alternative turbo equalisation methods were intro-
duced for further complexity reduction, such as the work in [20],
[21], which utilises linear equalisation with decision feedback. Other
design philosophies used in MIMO [22] cancel the interference
gradually in each iteration.

This paper presents a new framework for a multi-carrier scenario,
in which the same satellite transponder is exploited to serve multiple
users at the same time. Two approaches are investigated to remove
ICI resulting from compressing subcarreirs, within a transponder.
The first approach is a simple single-user matched filter receiver
used as a classical simple solution. The second approach termed
serial interference canceller (SIC) is inspired by the technique of
[22], where the interference is estimated and subtracted gradually in
each iteration. Through extensive simulations, it is shown that the
proposed multi-carrier analysis and SIC technique can be used to
remove ICI. Only one iteration of joint equalisation and decoding is
sufficient to approach the ideal performance when feeding back cor-
rect decisions. Useful performance examples are illustrated, which
include bandwidth-efficient multiple carriers withM -ary Phase Shift
Keying (PSK) modulation, that are FEC-encoded with the powerful
low-density parity check (LDPC) codes adopted in DVB-S2 satellite
standard in [17] and its more recent extension DVB-S2X [2].

The outline of this paper is as follows; we start with a short
introduction to SEFDM signals in section 2. Variable coding, com-
pression and modulation (VCCM) is investigated in section 3 to
optimise spectrum utilisation over different satellite applications.
Section 4 describes the system model in general, then sections 5 & 6
discuss two different approaches investigated to cancel the interfer-
ence at the receiver; simple single-user matched filter receiver and
SIC, respectively. Through simulations, the efficacy of these two
techniques is shown. Finally, conclusions are drawn in section 7.

2 SEFDM Waveform Basics

Let z = fz0; z1; ::; ; zN�1g ; z 2 CN�1, be the complex baseband
symbols of symbol duration Ts, to be modulated by SEFDM
in a multicarrier multiplexing technique, then the kth SEFDM-
modulated signal can be expressed as

xk(t) =
1p
T

N�1X
n=0

zk;n exp (j2�kn4ft) ; 0 � t � T (1)

where N is the number of subcarriers, T is the SEFDM signal
duration and4f is the frequency spacing between subcarriers. The
SEFDM signal duration T is equal toN � Ts. In contrast to OFDM,
the SEFDM subcarriers are not orthogonal and4f � T = �, where
� 2 (0; 1] is the compression factor.
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Fig. 1: A comparison of FDM, OFDM and SEFDM (� = 0:8)
spectra for the same bit rate and N = 4.

Consider the FDM, OFDM and SEFDM frequency spectra of the
band-limited signal xk(t) in Fig. 1, for ideal time domain rectan-
gular pulses of duration T . Clearly, OFDM in Fig. 1(b) occupies
half of the bandwidth of FDM in Fig. 1(a), while SEFDM saves
(1� �)� 100% bandwidth in comparison to OFDM for the same
transmission speed. The violation of orthogonality is clear for the
case of SEFDM in Fig. 1(c), as at the peak value of each sub-
carrier, other subcarriers are non-zero. To suppress the out-of-band
power leakage of the SEFDM power spectrum in Fig. 1(c), Nyquist
pulse shaping has been implemented in [23] as well as in a carrier
aggregation scenario in [24].

Let ẑk;n denotes the symbol estimate after matched filtering
and used at the receiver side of OFDM, which is given in (2).
The matched filter with symbol-by-symbol estimation, is no longer
optimal for SEFDM, due to the ICI between subcarriers.

ẑk;n =
1p
T

ZT
0
xk(t) exp (�j2�kn4ft)dt; 0 � n � N � 1:

(2)
Following Nyquist, the signal is to be sampled at a minimum rate

of (fs = 2fmax = B = �=Ts) to allow reconstruction of the signal
from its samples at the receiver. Consequently, by sampling the sig-
nal in (1) at a regular interval of � = Ts = T=N , the total number of
samples isQ = T=� = N . Therefore,Q � N samples are required.
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The sampled version xk(qT=N) of (1), or simply xk;q is

xk;q =
1p
Q

N�1X
n=0

zk;n exp

�
j2�kn4f qT

N

�

=
1p
Q

N�1X
n=0

zk;n exp
�
j2�k�

qn

N

�
; 0 � q � Q� 1 (3)

where the factor 1=
p
Q in (3) is employed for normalization pur-

poses y. Following the same method used to obtain (2), the discrete
representation of the demodulated nth data symbol of the kth

SEFDM symbol signal at the receiver side is given by [12]

ẑk;n =
1p
Q

Q�1X
q=0

xk;q exp
�
�j2�k�qn

N

�
; 0 � n � N � 1:

(4)
Conceptually, the implementation of (1) and (2) may use a bank
of modulators each tuned at a certain frequency. However, such
generations are problematic because they require keeping a precise
spacing between frequencies of subcarriers. In practice, they are
implemented in the digital domain by means of IFFT and FFT, at
the transmitter and receiver, respectively.

It is convenient to describe the transceiver process by a linear
model. The transmitted signal in (3) can be expressed in a matrix
form as z

x = �z; (5)

where x =
�
x0; x1; :::; xQ�1

	
is the vector of transmitted samples

of x(t) in (1) and � is aQ�N matrix whose elements are given by

�q;n =
1p
Q

exp
�
j2��

qn

N

�
0 � n � N � 1; 0 � q � Q� 1:

(6)
Considering the signal is impaired by additive white Gaussian noise
(AWGN), i.e., the noise samplesw are identically and independently
distributed with zero mean and variance �2

n = N0=2, where N0 is
the noise power spectral density (PSD). Then, the received signal is

y = �z + w; (7)

where w is a Q� 1 vector, which represents the AWGN elements.
The system model (7) is conventionally adopted in satellite systems,
where in multi-carrier formats satellite-based physical layer modu-
lation studies, the large scale variation and co-channel interference
may be ignored since these are independent of the signalling for-
mat used [25] and with high power signal being sent along a line
of sight channel, small signal variations are negligible as well. Next,
the output of the FFT at the receiver is the estimate of the transmitted
symbols given by

ẑ = �H�z + �Hw; (8)

where (:)H is the Hermitian operator used to obtain the complex
conjugate of the modulation IFFT matrix �. In (8), if OFDM sym-
bols are transmitted, then due to the orthogonality condition, the
term �H� turns into an identity matrix (IN ) of size N �N . Note
that � = �H�, when � < 1, has a diagonal of ones and non-
diagonal elements (�m;n) representing the correlation between two

yFor simplicity, the condition that indicates Q � N is omitted in the

subsequent discussion of this paper.
zFor simplicity, the index that indicates the SEFDM block (k) is omitted in

the subsequent discussion.

subcarriers m and n, which is given by [26]

�(m;n) =
1

Q

Q�1X
k=0

exp

�
j2�m�k

Q

�
exp

�
�j2�n�k

Q

�

=
1

Q

241� exp (j2��(m� n))

1� exp
�
j2��(m�n)

Q

�
35 : (9)

This matrix is of vital importance to the design of SEFDM receivers
and it is worth noting that its elements are deterministic. In section
5, it will be shown that this prior knowledge can be exploited to
mitigate the effect of ICI at the receiver. Given that � determines
the spectral efficiency, the next section discusses how to adjust the
spectral efficiency in satellite systems implementing SEFDM.

3 Variable Coding, Compression and Modulation

For a multi-carrier scenario, where a given transponder is exploited
to serve multiple users simultaneously, SEFDM reduces the total
occupied bandwidth or increases the throughput by increasing the
number of users (subcarriers) per transponder. For example, in DVB-
S2X standards, the maximum number of users per transponder is
six [2]. Thus, if an SEFDM system with � = 0:8 were to be used
assuming the same coding and modulation order as in an OFDM
system serving four users, then an SEFDM system would be capable
of serving five users per transponder while maintaining the OFDM
bandwidth or alternatively serve four users whilst saving 20% of the
OFDM bandwidth.

DVB-S2/ DVB-S2X systems employing SEFDM may deliver
broadcasting services over multiple transport streams, providing
differentiated error protection (VCCM mode) to different service
components (e.g. SDTV and HDTV, audio, multimedia). The lookup
Table 1 (which may be stored in the memory of the transmitter)
can be utilised to adjust the system parameters according to a given
service quality index (QI). In this work, the modulation and cod-
ing examined are taken from the satellite standards DVB-S2 [17]
and DVB-S2X [2], where eight different coding rates (Rc) are used
with two constellation (M ) levels (QPSK, 8-PSK). Here, we further
examine the use of seven SEFDM compression factors. Adapting the
standard definition of spectral efficiency (�) bit/s/Hz, as in the DVB
standards [17], to account for the compression factor �, � becomes

� =
log2(M)�Rc �Rs

��B ; (10)

whereRs is the symbol rate andB is the OMUX bandwidth. A ques-
tion that may be raised is: Instead of bandwidth compression, why
not increase M or reduce Rc to achieve a better spectral efficiency?
To validate the main argument of this paper and show the usefulness
of SEFDM, extensive simulations are carried out for each group in
Table 1 where the BER performance is compared to indicate the best
VCCM. Four different signal groups are studied for scenarios where,
in each group, the SEFDM signal occupies smaller bandwidth than
that of an OFDM signal, therefore, the SEFDM and OFDM signals
studied have the same spectral efficiency.

In the following, the transceiver system model used is explained
in detail.

4 System Model: Transmitter

Consider the SEFDM system architecture depicted in Fig. 2. At the
transmitter, in the first stage, a stream of bits b 2 f0; 1g are encoded
by the outer Bose–Chaudhuri–Hocquenghem (BCH) encoder fol-
lowed by an LDPC inner encoder. The BCH encoder is used to
correct sporadic errors made by the LDPC decoder. The QI specified
at the transmitter sets the code rate. The encoded bits c 2 f0; 1g are
interleaved by an external block interleaver (

Q
ext) with equivalent

size of normal baseband (BB)-FEC frame size (64,800) bits [17].
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Table 1 Lookup table for mapping QI to compression factor, coding rate and
modulation

Group (QI) � (bit/s/Hz) � Rc log2(M)

I 0.67 1.0 1/3 2
0.75 1/4 2

II 1.8 1.0 9/10 2
1.0 3/5 3
0.67 3/5 2

III 2.25 1.0 3/4 3
0.8 3/5 3
0.89 2/3 3
0.71 4/5 2

IV 2.7 1.0 9/10 3
0.83 3/4 3
0.67 3/5 3
0.67 9/10 2

The interleaver ensures that the independence of c approximately
holds for several turbo equalisation iterations at the receiver stage.

The encoded bits c of the BB frame are then mapped and mod-
ulated. The QPSK/ 8-PSK modulator maps each log2 M bits to a
symbol z from the M -ary symbol alphabet Z = fz1; z2; :::; zMg,
z 2 C where M = 4 for case of QPSK and M = 8 for 8-PSK. The
mapping considered here is taken from the DVB standards [2] [17],

with the symbol alphabet of zero mean (M�1PM
j=1 zj = 0) and

unity energy (M�1PM
j=1 jzj j

2 = 1).
The mapped symbols sequence z is then divided into N paral-

lel streams. In DVB-S2X, the maximum number of subcarriers per
transponder is six [2]. These may be divided into filtered groups [3]
or taken as one group of subcarriers [27], where four FDM subcarri-
ers are used per transponder. Here, we adopt similar specifications
to [27], with four subcarriers, but we apply OFDM and SEFDM
modulation characteristics. Each parallel stream is modulated onto
SEFDM subcarriers by means of an IFFT as shown in (3), where the
QI defines the compression factor (�). We note that an illustrative
SEFDM signal generation is represented in this block diagram, while
the exact details of different methods for SEFDM signal generation
are described in [11] and [13].

The sampled parallel output of the IFFT is multiplexed to x, up-
converted to the Ku frequency band (fc GHz) using the in-phase and
quadrature components (IQ) modulator to obtain the bandpass signal

xT = <fxej2�fctg: (11)

Subsequently, the real modulated stream of the SEFDM symbols xT
goes through the input multiplexer (IMUX) filter to select the desired
group of N subcarriers and limit the interference with adjacent sub-
carriers. The IMUX output is then amplified by an HPA and finally,
filtered again by the output multiplexer (OMUX) filter at the far end
of the gateway to limit the interference to neighbouring subcarriers
before x

0

T is transmitted over the satellite downlink channel. For sim-
plicity, the HPA is assumed to operate in its linear region as assumed
by other work of [28]. The IMUX, OMUX and HPA transfer char-
acteristics are also assumed to be ideal, since the standards (H.7)
in [17] consider linearized HPAs and a highly selective IMUX and
OMUX filters.
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Fig. 2: Transceiver block diagram.
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5 System Model: Receiver

At the receiver of Fig. 2, the first stage down-converts the received
bandpass signal yT to its baseband complex equivalent y, using a
down-converter and a low pass filter (LPF) combination. To obtain
estimates ẑ of the transmitted symbols, demodulation is then per-
formed using matched filters by means of an FFT . Subsequently, the
symbols estimates will be used to detect the message transmitted. In
the sections below, two approaches are examined for the detector:
The first approach is a classical single-user matched filter receiver
and the second is based on SIC.

5.1 Approach I: Single-User Matched Filter Receiver

In the receiver section of Fig. 2, the block diagram of approach I
shows the design for a classical receiver. In the first stage, the esti-
mated symbols ẑ are demodulated by employing an approximate
log-likelihood ratio (LLR) algorithm to obtain soft bit estimates ĉ.
Then, the soft bits are deinterleaved and the LDPC decoder decodes
the deinterleaved soft bit values to generate hard decisions. Finally,
the BCH decoder works on these hard decisions to create the final
estimate of the received bits b̂.

The BER of this receiver is simulated for the case of DVB-S2 TV
broadcasting. The signal and system parameters used are shown in
Table 2. BER results are shown to compare the bandwidth saving
SEFDM case to the Nyquist case OFDM. If FDM were to be used,

the bandwidth savings advantage of SEFDM will be enhanced by at
least a factor of 2, depending on �.

Table 2 Signal and system modelling parameters
Parameters Value
Symbol rate 27.5 Msymbols/s
Symbol duration (Ts) 36.36 ns
SEFDM symbol size (N ) 4
SEFDM symbol duration(T ) N � Ts
Subcarrier Spacing �=(N � Ts) = �� 6:875MHz
Satellite transponder bandwidth �� 27:5MHz
Modulation format QPSK; 8-PSK
Coding Rate 1/3; 1/4; 9/10; 3/5; 3/4; 2/3; 4/5
� 1; 0.75; 0.67; 0.8; 0.89; 0.71
LDPC decoder number of iterations 50
IC number of iterations 1

Fig. 3 shows the BER results versus energy per bit Eb over
N0 (Eb=N0) in dB, using the single-user matched filter receiver
described above with 50 LDPC decoder iterations for the different
groups of Table 1. The minimum BER achieved in the simulations
is 10�5, which leads to approximately free packet error rate (PER)
[17].

In the simulations to follow, to allow fair comparison for given
values of spectral efficiencies, both the bit rate and occupied band-
width were adjusted for each group and the results are shown in Fig.
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Fig. 3: SEFDM system BER performance for the different QI groups with approach I receiver design and different VCCM parameters (�, Rc,
log2(M)).
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Fig. 4: The constellation diagram for the received QPSK symbols (a) OFDM, (b) SEFDM (� = 0:8) before SIC iteration and (c) SEFDM
(� = 0:8) one SIC iteration.
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Fig. 5: The constellation diagram for the received 8-PSK symbols (a) OFDM, (b) SEFDM (� = 0:8) before SIC iteration and (c) SEFDM
(� = 0:8) after one SIC iteration.

3. For clarity, the arrangement is held by subdividing the results
according to the spectral efficiency (i.e. QI used), where the leg-
end contains three values; �, Rc and log2 M , respectively. The first
group (� = 0:67bit/s/Hz) in Fig. 3(a) shows the advantage of using
SEFDM with a lower coding rate rather than OFDM, as 0:8dB power
advantage is evident for the same BER performance, with a detec-
tor similar to what is typically used in multi-carrier satellite systems.
This SEFDM scenario occupies 25% smaller bandwidth relative to
an OFDM system with the same spectral efficiency.

The results of group II and III for higher values of � show that
if the compression factor satisfies the Mazo limit (i.e. � � 0:8),
SEFDM slightly outperforms OFDM and with lower � there is no
performance advantage of using SEFDM (e.g. Fig. 3(b)) in terms of
power savings, although bandwidth savings are still guaranteed for
the same spectral efficiency. Finally, for � = 2:7bit/s/Hz for group
IV in Fig. 3(d), the system becomes more prone to ICI, thus, for �
less than Mazo limit, the error floor is high and the system does not
converge.

To conclude, SEFDM with a single-user matched filter receiver
is beneficial, in terms of power saving, only for low �. To attain a
system advantage, a more sophisticated receiver is required. Conse-
quently, the following work approaches the problem from a different
perspective; attempting to minimise the ICI effect through interfer-
ence cancellation technique, by implementing a turbo equaliser and
an SIC.

5.2 Approach II:Serial Interference Cancellation

In general, equalisation is used in communication systems to com-
pensate for channel effects or other impairments that impact the

received data. Equalisers estimate the transmitted symbols by filters
whose parameters are selected using either linear, such as zero forc-
ing (ZF) and minimum mean square error (MMSE) or non-linear
processing, such as MLSE [20].

Soft-input soft-output (SISO) linear equalisers are dominant in
many communication systems dealing with interference, such as
sending a single-carrier signal in a multipath channel [20] or code
division multiple access (CDMA) [21]. Potentially, this method
would be expected to operate well in removing the interference of
SEFDM. However, one of the limitations of SEFDM is the large
condition number of its correlation matrix (9), which increases by
reducing � [12]. Thus, SEFDM suffers with any equalisation method
that requires matrix inversion. Alternatively, other interference can-
cellation methods subtract the ICI gradually instead of inverting its
effect, which is considered in the following due to their suitability
for SEFDM.

The design philosophy of SIC is based on an iterative process,
which may be viewed as a synthesis of the processes used in [22] and
for convolutional coded SEFDM in [14]. In this approach, the LDPC
decoder outputs soft LLR values for the encoded bits, which are used
to generate, through mapping and ICI estimation processes, approx-
imate "replicas" of the received symbols, which in turn are used
to cancel the interference, iteratively. The constellation diagrams of
Fig. 4 and Fig. 5 show the effectiveness of SIC in reducing the ICI
with only one turbo equaliser iteration for the case of � = 0:8. Fig.
4 is for the case of QPSK, where the SEFDM constellation of (b)
turns into (c) after one iteration and this constellation is similar to
the interference-free case of OFDM (a). The same can be observed
with Fig. 5 for the 8-PSK case.
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The receiver implementation is shown at the bottom in Fig. 2
(Approach II), where the feedback processes are shown in dashed
lines. At the first iteration (it = 1), the initial estimate vector ẑ1 is
the same as what was shown before in (8). The LDPC decoder is fed
by soft bits cit from the soft demapper, where the index (it) indicates
the iteration number. There are two outputs from the LDPC decoder;
the soft LLRs of the encoded bits cit used to update the encoded
stream shown in the figure and the extrinsic LLR information (inside
the LDPC decoder block and therefore not shown explicitly in the
figure) that will be fed to the LDPC decoder as a priori informa-
tion in the next iteration. The updated encoded stream is mapped
again via QPSK/ 8-PSK mapper to git. The new estimate git of the
transmitted symbols is then used to cancel the interference.

The non-diagonal elements of the cross correlation matrix � (9)
represent the ICI between subcarriers in SEFDM systems and can be
expressed by the N �N matrix �. By setting the diagonal of � to
zeros using

� = �� IN ; (12)

where IN is an (N �N) identity matrix. The resulting interference
canceler matrix � is then multiplied by the estimated vector symbols
git to evaluate the estimated ICI, given by the term (�� git). The
estimated ICI is subtracted from the initial estimates ẑ1, as stated in

(13), to give ẑit+1, which forms the input to the next iteration.

ẑit+1 = ẑ1 ��ĝit
= ẑ1 � (�� IN )ĝit
= ẑ1 ��ĝit + ĝit:

(13)

For clarification, consider the case of the first iteration, where the
input to the SIC turbo equaliser is the output of the receiver FFT ẑ1
given in (8). By substituting ẑ1 in (13)

ẑ2 = ĝ1 + �(z� ĝ1) + �Hw: (14)

The second term on the right hand side of (14) represents the differ-
ence between the transmitted symbols z and the estimated g1, hence,
by getting a better estimate this term becomes smaller. After the last
iteration, a hard decision is made on the output of the LDPC decoder
and the BCH decoder in the final stage estimates the transmitted
information bits b̂.

The system advantage of using SIC becomes evident when con-
sidering the BER performance for SIC approach, which is tested
for the same parameters of approach I, with results shown in Fig.
6. The advantage of SEFDM over OFDM with one SIC itera-
tion for the same � is clear for the four different groups. SEFDM
saves bandwidth compared to OFDM and requires less power while
maintaining the same BER performance. For instance, a 33% band-
width and 2.8dB power savings are guaranteed for group IV (� =
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(a) Group I: � = 0:67bit/s/Hz

�2 0 2 4 6 8 10
10�5

10�4

10�3

10�2

10�1

100

Eb/N0 [dB]

B
E

R

(1, 9/10, 2)
(1, 3/5, 3)
(0.67, 3/5, 2)

(b) Group II: � = 1:8bit/s/Hz

�2 0 2 4 6 8 10
10�5

10�4

10�3

10�2

10�1

100

Eb/N0 [dB]

B
E

R

(0.8, 3/5, 3)
(1, 3/4, 3)
(0.89, 2/3, 3)
(0.71, 4/5, 2)

(c) Group III: � = 2:25bit/s/Hz
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Fig. 6: SEFDM system BER performance for the different QI groups with approach II receiver design and different VCCM parameters (�,Rc,
log2(M)).
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2:7bit/s/Hz). However, no enhancement is gained without a pay-off
and ,in this case, it is the increase in detector complexity compared
to approach I.

The results reported in this paper are based on system parame-
ter adjustments to effect the same spectral efficiency values, in other
words; the number of subcarriers was the same for all experiments
(N=4) but the bandwidth and information bit rates were changed to
maintain equal values of �. It is worth noting that the advantages
of SEFDM can be also demonstrated when comparing systems of
the same bandwidth but where the number of SEFDM subcarriers
is increased relative to that of an OFDM system of the same spec-
tral efficiency. For such scenarios, the number of required iterations
will be increased but the error rates will be the same as those of
Figs. 3 and 6. Such results are not reported here for reasons of space
limitation.

6 Conclusions

This work investigates a proposal to increase the spectral efficiency
of the design of high spectral efficiency satellite communication
systems through the employment of a finite constellation SEFDM
signals, coupled with LDPC channel coding and advanced interfer-
ence cancellation processing via SIC turbo equalisation system. A
special case for broadband and broadcasting applications (DVB-S2)
is considered, where SEFDM provides more freedom in optimising
the system, compared to orthogonal signals, by using VCCM.

In addition to the original single-user matched filter receiver
with soft demapping (approach I), a turbo equaliser based on SIC
(approach II) has been developed. The second approach overcomes
the ICI problem and ameliorates its effects by subtracting the
interference gradually.

The BER performance analysis are shown by system modelling
and computer simulations to provide significant insight to these two
approaches. A fair comparison is held by amending the bandwidth
and information bit rates of SEFDM and OFDM signals to main-
tain the same spectral efficiency. Results show that SEFDM saves
bandwidth compared to OFDM and requires less power while pre-
serving the same BER performance. For high spectral efficiency
values, interference cancellation becomes necessary to gain SEFDM
advantages. For this purpose, the SIC method proposed shows its
capability of reducing interference even with only one iteration.

SEFDM can be beneficial in another scenario that has not been
detailed in this paper for brevity. This scenario increases the number
of SEFDM subcarriers per transponder to maintain OFDM band-
width rather than saving bandwidth for the same OFDM spectral
efficiency. For such scenarios, the number of required iterations will
be increased when the system is operating at relatively high spectral
efficiency values, but for the same BER performance.

Finally, the analyses presented in this work allows the choice of an
appropriate equalisation method for the given scenario. Our studies
show that SIC is the most suitable method, as SIC is based on simple
mathematical subtraction operation. Although there are compro-
mises in terms of additional receiver complexity and added latency
due to the iterations, the results of this work indicate possible new
system design directions to improve further the spectral efficiency
beyond what is used in today’s FDM based DVB standards.
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