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Abstract—In recent years, faster-than-Nyquist (FTN) non-
orthogonal systems draw more attention for high-capacity com-
munication systems. In this paper, we will introduce digital
signal processing for eliminating interference in FTN non-
orthogonal systems. FTN non-orthogonal systems can be di-
vided into single-carrier FTN (SC-FTN) and multi-carrier FTN
(MC-FTN) non-orthogonal systems. In SC-FTN non-orthogonal
systems, joint algorithms will be studied for compensating the
serious inter-symbol interference, including joint feed-forward
equalizer, post filter and maximum likelihood sequence detection
(MLSD) algorithm and joint frequency-domain equalizer and
MLSD algorithm. In MC-FTN non-orthogonal systems, inter-
carrier interference is similar to the interference in multiple input
multiple output (MIMO) systems. The interference cancellation
algorithm for MIMO systems is also effective for MC-FTN
non-orthogonal systems. We will introduce MIMO decoding to
eliminate the interference in MC-FTN non-orthogonal systems.

Index Terms—Digital signal processing, faster than Nyquist,
single-carrier non-orthogonal systems, multi-carrier non-
orthogonal systems.

I. INTRODUCTION

N 1970s, Mazo proposed the principle and concept of

faster-than-Nyquist (FTN) signaling [1]. FTN signaling can
achieve high spectral efficiency, which shows great potential
for applications in high-capacity communication systems [2]-
[5]. Owing to the resistance of high-frequency distortions,
FTN signaling has been widely investigated for optical com-
munications with high baud rate [6]-[9], cost-sensitive short-
reach optical communications [10]-[12], and high capacity
wireless communications [13]-[15]. The results prove that
FTN signaling has a superior performance on the bandwidth-
limited communications [16]-[18].

In general, the FTN signaling can be classified into single-
carrier and multi-carrier non-orthogonal systems. The single-
carrier FTN (SC-FTN) non-orthogonal signal is obtained by
compressing the bandwidth of the common single-carrier
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signal [19]. The multi-carrier FTN (MC-FTN) non-orthogonal
signal is generated by further reducing the subcarrier spac-
ing compared to orthogonal frequency-division multiplexing
(OFDM) [20]. However, in both SC-FTN and MC-FTN non-
orthogonal systems, the bandwidth compression is at the ex-
pense of causing the interference. In SC-FTN non-orthogonal
system, inter-symbol interference (ISI) caused by the com-
pressed bandwidth degrades the bit error ratio (BER) perfor-
mance. In MC-FTN non-orthogonal system, the compressed
subcarrier spacing induces the inter-carrier interference (ICI),
which also degrades the BER performance. Therefore, digital
signal processing (DSP) for reducing the serious interferences
is key technology in FTN non-orthogonal systems.

In this paper, we will give an overview about DSP for FTN
non-orthogonal systems. In SC-FTN non-orthogonal systems,
joint algorithms will be studied for compensating the seri-
ous ISI, including joint feed-forward equalizer (FFE), post
filter and maximum likelihood sequence detection (MLSD)
algorithm and joint frequency-domain equalizer (FDE) and
MLSD algorithm. In MC-FTN non-orthogonal systems, ICI
is similar to the interference in multiple input multiple output
(MIMO) systems. The interference cancellation algorithm for
MIMO systems is also effective for MC-FTN non-orthogonal
systems. We will introduce MIMO decoding to eliminate the
interference in MC-FTN non-orthogonal systems.

The rest of this paper is organized as follows. In Section
II, DSP for SC-FTN non-orthogonal systems is demonstrated.
DSP for MC-FTN Non-Orthogonal Systems is given in Section
III. Finally, the paper is concluded in Section IV.

II. DSP FOR SC-FTN NON-ORTHOGONAL SYSTEMS

In this section, the DSP algorithms are investigated to elim-
inate the ISI for SC-FTN non-orthogonal systems. In SC-FTN
non-orthogonal systems, the bandwidth compression causes
the serious ISI, which deteriorates the system performance. For
obtaining good system performance, joint algorithm should be
used to cancel the serious ISI. The joint FFE, post filter and
MLSD algorithm has been widely studied for eliminating the
ISI and enhanced in-band noise in SC-FTN non-orthogonal
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Fig. 1. (a) Structure of joint FFE, post filter and MLSD algorithm; (b)
Structure of joint FDE and MLSD algorithm.

systems. Next, the principle of joint FFE, post filter and MLSD
algorithm will be introduced.
At the receiver, the received signal can be defined as

r(t) = h(t) ® z(t) + n(t) (D

where h(t) is channel response. z(t) is transmitted signal.
n(t) is adding white Gaussian noise. ® denotes convolution
operation. Fig. 1 (a) depicts the structure of joint FFE, post
filter and MLSD algorithm. First of all, L-taps FFE is used to
compensate linear distortions. The output of FFE is expressed

as
L
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where a(7) is the coefficient of i-th tap, which can be cal-
culated by the adaptive algorithms such as least mean square
(LMS) and recursive least square (RLS) algorithms. 7' is the
symbol period. If FFE can perfectly compensate the linear
distortions, its output is expressed as

() =h"H ) @rt) =x@)+h ) @n(t)  3)

where h~1(t) @ n(t) depicts that in-band noise is enhanced
after FFE. Two-taps post filter is employed to eliminate the
enhanced in-band noise. The output of post filter can be
expressed as

Z(t) = hPostFiller(t) &® .’L‘(t) + hPostFilter(t) & h_l(t) ® n(t)
=2'{t)+axa'(t-T)
4
where 1 and « are the tap coefficients of post filter. hpogiler (t)
suppresses the enhanced in-band noise, but causes a known ISI
on xz(t).

After the FFE and post filter, MLSD is used to cancel the
known ISI, which minimizes the Euclidean distance between
z(t) and z(t) + o x z(t — T'). The Euclidean distance can be
defined as

D =) {z(kT) - [#(kT) + a x 2((kT = T)]}*>  (5)
k

where z(kT') and x(kt) denote k-th sample of z(¢) and x(t),
respectively. MLSD employs the Viterbi algorithm to obtain
the transmitted signal xz(¢) from the z(t). After joint FFE,
post filter and MLSD algorithm, the transmitted signal can be
recovered from received SC-FTN signal.

The joint FFE, post filter and MLSD algorithm is a time-
domain structure. Due to the serious ISI in SC-FTN signal,

FFE needs to use a large number of taps. FFE with large
number of taps has high computational complexity, especially
when RLS adaptive algorithm is employed. Next, we will
introduce an frequency-domain algorithm for SC-FTN non-
orthogonal systems.

Figure 1 (b) shows the structure of joint simplified FDE and
MLSD algorithm. The frequency-domain version of received
signal can be defined as

R(f) = Hchannel(f) X X(f) + N(f) (6)

In general, FDE can compensate the serious ISI by using
frequency-domain channel function Hcpanne. After ISI com-
pensation, the output of FDE can be expressed as

xl(f) = X(f) + N(f)/HChannel(f) (7)

After conventional FDE, the in-band noise is also enhanced.
Frequency-domain post filter with transfer function Hpogilter
can be employed to eliminate the enhanced in-band noise. The
output of frequency-domain post filter can be expressed as

Z(f) = HPostFiller X X(f) +HPostFilter X N(f)/HChannel(f) (8)

Combining the conventional FDE with the frequency-
domain post filter, we first design the simplified FDE structure
with a transfer function of H = Hcpanel/HposFilers Which
can replace the time-domain FFE and post filter structure.
Therefore, the output of the simplified FDE structure can be
obtained from

Z= IFFT(R/H) = IFFT(HPostFiller X R/HChannel) (9)

where R is the frequency-domain received signal, which is
equal to FFT(r). IFFT(.) and FFT(.) denote the inverse fast
Fourier transform and fast Fourier transform, respectively.
Finally, the MLSD is used to cancel the known ISI after the
simplified FDE.

Figure 2 (a) shows the eye diagram of received signal.
Due to the noise and channel distortions, the eye diagram
of received signal is almost closed. The serious ISI makes
the received signal have more than four levels. Fig. 2 (b)
depicts the eye diagram of 4-level pulse amplitude modulation
(PAM4) signal after FFE or conventional FDE. After FFE or
conventional FDE, the ISI can be effectively compensated.
However, the in-band noise is enhanced. Therefore, the signal
after FFE or conventional FDE has four levels, but is still
not clear. Fig. 2 (c) reveals the eye diagram of signal with a
known ISI after FFE and post filter or simplified FDE. The
post filter eliminates the in-band noise, but causes the known
ISI. Therefore, after FFE and post filter or simplified FDE, the
signal has clear seven levels.

Figure 3 depicts comparison of BER performance between
joint FFE, post filter and MLSD algorithm and joint simplified
FDE and MLSD algorithm. The test bench employs 56-Gbit/s
optical PAM4 system using 10-G optics over a 10-km standard
single-mode fiber (SSMF). In joint FFE, post filter and MLSD
algorithm, RLS and LMS adaptive algorithms are employed,
respectively. Owing to the lower mean square error (MSE),
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Fig. 2. (a) Eye diagram of received signal; (b) Eye diagram of PAM4 signal after FFE or conventional FDE; (c) Eye diagram of signal with a known ISI

after FFE and post filter or simplified FDE.
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Fig. 3. Comparison of BER performance between joint FFE, post filter and
MLSD algorithm and joint simplified FDE and MLSD algorithm.

TABLE I
COMPARISONS AMONG SIMPLIFIED FDE, FFE wiTH LMS, AND FFE
WITH RLS. N 1S THE LENGTH OF FDE. K IS THE TAP NUMBER OF FFE.
M 1S THE CONSTELLATION SIZE.

Computational complexity | Training | Prefix & suffix
FDE 2log, (N) /log, (M) Yes Yes
FFE-LMS 6K /log, (M) Yes No
FFE-RLS | (6K? + 10K)/log, (M) Yes No

joint FFE with RLS, post filter and MLSD algorithm has
better BER performance than joint FFE with LMS, post filter
and MLSD algorithm. The joint simplified FDE and MLSD
algorithm has the same BER performance compared to the
joint FFE with RLS, post filter and MLSD algorithm.

Table I shows the comparisons among the simplified FDE,
FFE with LMS, and FFE with RLS. FDE has the lowest
computational complexity compared to FFE with LMS and
FFE with RLS. However, prefix and suffix should be em-
ployed in FDE, which degrades the spectral efficiency. All the
schemes requires the training sequence. In conclusion, joint
FDE and MLSD algorithm has good performance and low
computational complexity at the expense of the addition of
prefix and suffix. Joint FFE with RLS, post filter and MLSD
algorithm has good performance but ultra-high computational
complexity. FFE with LMS is hard to obtain an accepted
MSE. Therefore, joint FFE with LMS, post filter and MLSD
algorithm requires longer training sequence and cannot achieve

the optimal performance.

III. DSP FOR MC-FTN NON-ORTHOGONAL SYSTEMS

In this section, the DSP techniques are introduced for
MC-FTN non-orthogonal systems. The MC-FTN signal is
generated by compressing the subcarrier spacing of OFDM,
therefore MC-FTN has higher spectral efficiency than OFDM
at the expense of ICI. The DSP for MC-FTN non-orthogonal
systems mainly focus on ICI cancellation at the receiver.

In MC-FTN non-orthogonal systems with N subcarriers, the
received signal Y can be defined as

Y=CX+W (10)

X is the transmitted signal. C' is the correlation matrix
represented ICI. W is the white noise. It is revealed from Eq.
(10) that the aim of ICI cancellation is to solve a least-square
problem, which can be expressed as

X = argmin ||Y — CcCX|? = argmin F(X)
XeDN XeDN

(1)

where D is the constellation set. E(X) is the metric of
the signal X. Because the MC-FTN non-orthogonal system
with N subcarriers can be considered as the MIMO system
with N transmitter antennas and N receiver antennas, the
interference cancellation algorithms to eliminate interference
between antennas are also effective for ICI cancellation in
MC-FTN non-orthogonal systems.

Maximum likelihood detection (MLD) is an optimal in-
terference cancellation algorithm in MIMO systems. The
optimal solution can be obtained if MLD is used to solve
Eq. (11). However, MLD is based on exhaustive search. The
exponential increased complexity makes MLD difficult to be
used in the practical system. In MIMO decoding, the tree-
search algorithms are known as the simplified MLD with
near-ML performance. Therefore, tree-search algorithms are
more suitable for ICI cancellation than MLD. The commonly
used tree-search algorithms can be divided into two categories:
depth-first tree search algorithms and breadth-first tree search
algorithms. Sphere decoder (SD) is a commonly used decoding
algorithm based on depth-first tree search [21]. MLD with QR
decomposition and M-algorithm (QRM-MLD) is a commonly
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Fig. 4. The examples of search process for (a) SD and (b) QRM-MLD.

used decoding algorithm based on breadth-first tree search
[22]. The details of SD and QRM-MLD are as follows.

Firstly, both the SD and QRM-MLD use QR decomposition
(i.e., C = QR) to reduce the computational complexity to
calculate E(X) in Eq. (11). C is decomposed as an N x N
unitary matrix @ and an N x N upper triangular matrix R.
Then, E(X) can be rewritten as

E(X)=||Z-RX|*=Ex_1+En_o+ -+ Ey (12)

2
where Z = Q'Y and E;, = |Z;, — Z;\f;kl Ry Xj (0 <

k < N — 1). Secondly, the final detected symbol X is
searched from a tree structure. Fig. 4 shows the examples of
search process for SD and QRM-MLD. The numbers beside
the branches are the search order. The numbers in the nodes
are the accumulated partial metrics E(Xj.ny—1) at the k-th
subcarrier, that E(Xy.ny—-1) = En_1+En_o+ -+ E;. In
SD, the search process performs in both forward and backward
directions. The initial search radius is set to infinity. According
to Schnorr-Euchner (SE) enumeration, the nodes are visited
in the ascending order of their metrics [23]. After an initial
decision is obtained, the search radius is reduced to the metric
of the initial decision. Then only the path with smaller metric
than the search radius is searched. Each time a detected symbol
is obtained at the subcarrier 0, the search radius is reduced. In
the end, the final detected symbol X with the minimal metric
is obtained. In QRM-MLD, the search process performs in
forward direction. Only M (0 < k < N — 1) paths with the
minimal metric are reserved at the k-th subcarrer. In the end,
the path with the minimal metric is chosen at subcarrier 0, so
the final detected symbol X is obtained.

To reduce the computational complexity of SD and QRM-
MLD, the initial radius (; calculated by iterative detection
(ID) algorithm [24] can be applied before starting the SD and
QRM-MLD. The combination of ID algorithm and these two
tree-search algorithms respectively are called ID-SD and ID-
QRM-MLD in this paper. After adding the initial radius, both
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Fig. 5. BER performance of OFDM and MC-FTN with SD, QRM-MLD,
ID-SD and ID-QRM-MLD algorithm.

ID-SD and ID-QRM-MLD only search the candidate solutions
within ;. If the solution is not found within S, the initial
solution S calculated by ID algorithm is chosen as the final
detected symbol.

To show the transmission performance of MC-FTN signal
with ICI cancellation algorithms, 28-Gbit/s MC-FTN non-
orthogonal system is experimentally demonstrated with 10-G
optics over a 10-km SSMEF. The 3-dB equivalent bandwidth
of this system is approximately 5.5 GHz. The modulation
signal on each subcarrier is PAM2. As shown in Fig. 5,
the BER performance of MC-FTN is much better than that
of OFDM, because OFDM suffers serious high-frequency
distortion caused by bandwidth limitation. In MC-FTN, the
bandwidth compression factors « is set to 0.9, 0.8 and 0.7.
MC-FTIN with a = 0.8 has better performance than MC-
FTN with ¢ = 0.9 or « = 0.7, because MC-FTN with
o = 0.9 suffers more influence from high-frequency distortion
and MC-FTN with « = 0.7 suffers more influence from ICI.

When comes to the ICI cancellation performances of SD,
QRM-MLD, ID-SD and ID-QRM-MLD, it is revealed from
Fig. 5 that all of SD, QRM-MLD, ID-SD and ID-QRM-MLD
can achieve the same ICI cancellation performance as MLD
in MC-FTN with a = 0.9 and o = 0.8. The ICI cancellation
performance of MLD is served as a benchmark. The ICI is
increased in MC-FTN with o« = 0.7, under this condition
SD and ID-SD still can achieve the same ICI cancellation
performance as MLD, but QRM-MLD and ID-QRM-MLD
have worse performance due to the limited M}, value. For
ID-QRM-MLD, when the metrics of all the reserved paths are
larger than the initial radius, the search process is stopped and
S is chosen as the final detected symbol, therefore ID-QRM-
MLD has better performance than QRM-MLD.

Figure 6 depicts the computational complexity of SD, QRM-
MLD, ID-SD and ID-QRM-MLD represented by the number
of expanded nodes [25]. Because the running time of the tree-
search algorithm is much longer than the running time of
ID algorithm, the number of expanded nodes can be used to
represent the computational complexity of these algorithms.
The computational complexity of SD is changed according to
ICI. The computational complexity of QRM-MLD is related
to the fixed My, value. ID-SD and ID-QRM-MLD have lower
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Fig. 6. The computational complexity represented by the number of expanded nodes for SD, QRM-MLD, ID-SD and ID-QRM-MLD in MC-FTN with

a=0.9, 0.8and 0.7 [25].

computational complexity than SD and QRM-MLD. In conclu-
sion, if the best BER performance of MC-FTN non-orthogonal
systems is needed to obtain directly, ID-SD is preferred. If the
BER performance and computational complexity of MC-FTN
non-orthogonal systems are needed to be flexibly adjusted
through changing M}, value, ID-QRM-MLD is preferred.

IV. CONCLUSIONS

In this paper, we introduce DSP algorithms for FTN non-
orthogonal systems in detail. In SC-FTN non-orthogonal sys-
tems, three joint algorithms are investigated for compensat-
ing the serious ISI, including their performance, efficiency,
and computational complexity. In MC-FTN non-orthogonal
systems, the interference cancellation algorithms in MIMO
systems are effective for MC-FTN non-orthogonal systems.
We have investigated the popular MIMO decoding algorithms
for eliminating the ICI in MC-FTN non-orthogonal systems. In
conclusion, this paper gives an overview of DSP for FTN non-
orthogonal systems, which can offer some references for the
researches in next generation high-capacity communications.
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