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A Novel Baseband Faster-Than-Nyquist

Non-Orthogonal FDM IM/DD System With
Block Segmented Soft-Decision Decoder

Zhouyi Hu

Abstract—In this paper, we systematically investigate our
recently proposed faster-than-Nyquist non-orthogonal frequency-
division multiplexing (FTN-NOFDM) generation technique for in-
tensity modulation/direct detection (IM/DD) optical systems. The
proposed scheme is based on modified fractional discrete Fourier
transform (mFrDFT), and presents several advantages compared
to other existing generation methods. Due to the exemption of
guard bands, the proposed scheme achieves higher tolerance to
narrow-bandwidth filtering. Besides, without the constraints on
compression factor and modulation formats, the proposed sys-
tem gives better signal flexibility and compatibility to various
advanced signal processing techniques. To meet the demand on
a large number of FTN-NOFDM subcarriers and high-order mod-
ulation formats, we further propose an efficient block segmented
soft-decision decoder (BSSDD), which does not need to adjust the
signal architecture or sacrifice the spectral efficiency. A 22.24-Gb/s
4-QAM FTN-NOFDM signal with up to 25 % bandwidth saving has
been successfully implemented over 20-km standard single mode
fiber (SSMF) in an IM/DD optical communication system while
keeping the bit error ratio (BER) below the hard-decision forward
error correction (HD-FEC) limit. For both 4-QAM and 16-QAM
FTN-NOFDM systems, the proposed BSSDD achieves better per-
formance than the conventional decoder. All the results indicate
that the proposed FTN-NOFDM technique has great potential to
be used in high-speed IM/DD optical systems.

Index Terms—Faster-than-nyquist no-orthogonal frequency-
division multiplexing (FTN-NOFDM), fixed sphere decoder,
intensity modulation/direct detection (IM/DD) optical systems, soft
decision.

I. INTRODUCTION

PTICAL transmission systems are mainly classified into
O two types: coherent systems and direct-detection (DD)
systems. Despite the ultimate performance in receiver sensitiv-
ity, spectral efficiency (SE), and robustness against chromatic
dispersion (CD), the coherent optical systems are of high system
cost and complexity in some specific applications [1]. Hence, the
intensity modulation/direct detection (IM/DD) optical system
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is a promising candidate for the cost-sensitive and short-range
scenarios, such as passive optical networks (PONs), data center
interconnects and visible light communications (VLC) [2]-[4],
at the tradeoff of the SE.

In 1975,J. E. Mazo found that the accelerated signal with ideal
soft-decision detection can achieve higher data rate, without
damage to the error rate, even if the orthogonality has been
violated. Different from Nyquist limit in the orthogonal system,
the limit of faster-than-Nyquist (FTN) signaling was termed as
Mazo limit [5], [6]. Recently, several technologies based on the
concept of FTN signaling have been reported to save bandwidth
[7]-[11], in either time domain or frequency domain, which
is named as time-squeeze and frequency-squeeze, respectively.
In [8], the single-carrier FTN signaling was implemented by
pulse shaping and error correction coding. In [9], a multi-carrier
system, termed as spectrally efficient frequency division multi-
plexing (SEFDM), or FTN non-orthogonal frequency-division
multiplexing (FTN-NOFDM), was proposed. With closer car-
rier frequency separation than the conventional orthogonal
frequency-division multiplexing (OFDM), FTN-NOFDM fur-
ther improved the SE in both wireless and optical communica-
tion systems. However, the inverse fractional Fourier transform
(IFrFT) employed in the conventional FTN-NOFDM system
would change the frequency distribution of the subcarriers. As
a result, Hermitian symmetry could not be used to generate a
real-valued signal, which is different from the DC-biased optical
OFDM (DCO-OFDM). Hence, the traditional implementation
of the FTN-NOFDM in an IM/DD optical system required sig-
nal up-conversion, leading to the increased system complexity
and the additional guard bands. Fractional Hartley transform
(FrHT) [10] and fractional cosine transform (FrCT) [11] based
FTN-NOFDM have been reported to tackle this issue, but only
pulse amplitude modulation (PAM) format has been supported.
This constraint would limit the application of some advanced
signal formats, such as set-partitioned quadrature amplitude
modulation (SP-QAM) [12] and offset-QAM [13]. As reported
in references [14] and [15], we have recently designed a novel
modified fractional discrete Fourier transform (mFrDFT) based
technique to implement an IM/DD FTN-NOFDM system, which
has shown better signal flexibility and compatibility. However,
the brief comparison presented in our previous work is far
from satisfactory. Hence, in this paper, we fully investigate
mFrDFT and compare it with other existing algorithms in
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different aspects, including complexity, performance, compat-
ibility, and so on, to verify the superior performance of the
proposed technique. Besides, in this paper, we further propose
a novel soft-decision decoder to improve the performance of a
large-size FTN-NOFDM system.

The main challenge of FTN-NOFDM was its self-created
inter-carrier interference (ICI). To tackle this issue, several algo-
rithms have been proposed. In [16], a decoder based on iterative
detection (ID) was proposed and has been widely used in FTN-
NOFDM systems with relatively low computational complexity.
Recently, an algorithm [17] modified from ID, termed as cas-
caded binary-phase-shift-keying iterative detection (CBID), was
designed, which showed the improved performance. In [18], a
hybrid detector combining ID and fixed sphere decoding (FSD)
was proposed and achieved a quasi-optimum performance.
However, the computational complexity of such ID-FSD grew
exponentially as the number of subcarriers increases, which
made this detector only suitable for small size FTN-NOFDM
systems. In [19], a multi-band architecture employing block
efficient detector (BED) was reported to implement a large
signal dimension for FTN-NOFDM signals, but at the expense
of reducing the SE.

In this paper, we systematically investigate our recently
proposed mFrDFT based FTN-NOFDM technique [14], [15],
and discuss the comparison of mFrDFT and other existing
generation methods in details. Furthermore, a modified soft-
decision decoder, termed as block segmented soft-decision de-
coder (BSSDD), is proposed to eliminate the inherent ICI of
FTN-NOFDM systems. The proposed decoder can be efficiently
employed in a large-size FTN-NOFDM system without any
adaptation of the signal architecture or sacrifice the SE. In
this work, 22.24-Gb/s 4-QAM/16-QAM FTN-NOFDM signals
with employing BSSDD have been successfully implemented
in an IM/DD optical communication system. We further ex-
perimentally demonstrate that, with large-size and high-order
modulation, the proposed BSSDD can concurrently optimize
the performance and the complexity.

The rest of the paper is organized as follows: Section II briefly
presents the existing methods for implementing FTN-NOFDM
in an IM/DD optical system. Section III illustrates the prin-
ciple of the proposed mFrDFT based FTN-NOFDM system
and BSSDD. Section IV describes the experiments to verify
the feasibility of the proposed scheme. Section V presents the
experimental results and the discussions. Section VI summarizes
the paper.

II. EXISTING IMPLEMENTATIONS OF FTN-NOFDM

The basic principle of FTN-NOFDM is illustrated in Fig. 1.
We can see from the sketched spectrum that the subcarrier
spacing of FTN-NOFDM is compressed to « (< 1) of its original
spacing in the conventional OFDM. Hence, with such violation
of orthogonality, the overall bandwidth can be further saved.
Several algorithms have been reported to generate an FTN-
NOFDM signal. It should be noted that some of them should
be modified to adapt in an IM/DD optical system.

Intensity

=

Intensity

Frequency

Fig. 1. The sketched spectra of (a) OFDM and (b) FTN-NOFDM (« = 0.8).

A. IFrFT Based FTN-NOFDM

In the conventional generation of an FTN-NOFDM signal,
IFrFT is utilized [20]. The kth time sample (k=0, 1, ..., N—1)
of one FTN-NOFDM symbol X can be represented as

1 N-1 j2 k
XK == sne" )
\/N n=0

where S = [sg, S1,...,8n-1] denotes the mapped symbols in
the frequency domain, Nis the number of subcarriers, and o (< 1)
denotes the compression factor. The orthogonality principle
is purposely violated to accommodate faster than the Nyquist
rate. However, such IFrFT changes the frequency distribution of
subcarriers. In this case, the real-valued signal cannot be gener-
ated by employing Hermitian symmetry. Hence, as reported in
[20]-[22], the up-conversion is applied to the complex-valued
FTN-NOFDM signal for implementing intensity modulation,
where both analog and digital methods can be adopted. However,
both methods would result in the additional guard bands between
the optical carrier and the carried signal, which disserves the
tolerance to narrow-bandwidth filtering.

B. IDFT Based FTN-NOFDM

Recently, two hardware-friendly FTN-NOFDM modulation
algorithms based on inverse discrete Fourier transform (IDFT)
were proposed, either using a single IDFT operation or multiple
IDFTs [23], [24].

As shown in Fig. 2, the single IDFT based modulation algo-
rithm can be modified to generate a real-valued FTN-NOFDM
signal via Hermitian symmetry. The transmitted QAM symbols
are first converted into M (M < N/2) parallel channels, and
then allocated into M subcarriers of an (N/«)-point IDFT, i.e.,
from the 1-st subcarrier to the M-th subcarrier, where the DC
component (0-th subcarrier) is unfilled. To implement a real-
valued signal, the subcarriers from (N/a) — M to (N/a) — 1
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Fig. 2. Block diagram of the real-valued FTN-NOFDM signal generation
based on a single IDFT operation.

are modulated by the corresponding symbols with Hermitian
symmetry. The remaining subcarriers are set to zero for band-
width compression. After performing (N/a)-point IDFT, the
additional (N/aw — N) samples in the time domain are discarded
to realize FTN-NOFDM modulation. However, by using such
an algorithm, the ratio of N'to o has to be an integer value, which
limits the flexibility of the system.

To tackle this issue, the multi IDFTs based FTN-NOFDM
signal generation method was proposed [23]. In such case, the
value of « should be a rational number, i.e., & = b/c. Then, the
FTN-NOFDM signal with an arbitrary compression factor can
be generated using ¢ IDFT operations, where each operation
has N points. However, this method would increase the overall
complexity. For instance, we have a compression factor of v =
0.85 = 17/20. Then, a total of 20 IDFT operations are required
for implementation, which is intolerable for some scenarios.
Moreover, in this algorithm, Hermitian symmetry cannot be
employed directly to obtain a real-valued signal.

C. FrHT/FrCT Based FTN-NOFDM

Since both Hartley transform and cosine transform are real-
valued transforms, the FrHT and the FrCT based algorithms
were recently proposed for directly generating a real-valued
FTN-NOFDM signal in the baseband [10], [11]. At the trans-
mitter side, the signal can be generated by either using inverse
FrHT (IFrHT), which is defined as

1 = 2mnka
X [k] = $p,Ca8 < ), 2)
7w 2 e (Tx
where
cas (e) = cos (e) + sin (e) 3)

or using inverse FrCT (IFrCT), which is defined as

N-1
X [k] = \/z Z Wy sncos (W) C))
n=0
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where

Sy N—=1" ®)

However, both algorithms are not suitable for complex-valued
modulation formats, leading to the relatively poor compatibility
to some advanced digital signal processing (DSP) techniques,
such as SP-QAM and offset-QAM. Moreover, due to its inherent
properties, only when « is set to 0.5, the FrHT based FTN-
NOFDM signal can achieve the same baseband bandwidth as
that of the conventional DCO-OFDM, which would result in
the additional degradation compared to the IFrFT based method
[10].

III. PRINCIPLE OF THE PROPOSED FTN-NOFDM SYSTEM

In view of the issues discussed above, we recently proposed
an mFrDFT based FTN-NOFDM technique [14], [15], which
showed the relatively low complexity and improved compati-
bility in IM/DD optical systems without the additional degra-
dation. To further enhance the system flexibility, a modified
soft-decision decoder named BSSDD is presented in this work.
The proposed decoder improves the performance of signal de-
tection in a large-size FTN-NOFDM system and is also suitable
for high order modulation formats.

A. mFrDFT Based FTN-NOFDM

In the proposed mFrDFT based FTN-NOFDM system, the
modulated signal can be expressed by

X =F§S, (6)
where F is an N x N inverse mFrDFT (ImFrDFT) matrix. The
matrix is given in the following:

1

F=U~

ePkina eBk1(N/a—=N+nz)

eBn1(N/a—N+kz) eB(N—kz2)(N—n2)

)

where § = j2ra/N. ky =0, 1,..., N/2 — 1 and ko = NI2+1,
N2 + 2,..., N — 1 denote the row indices. ny = 0,1,...,
N2 —1landno =N/2+1,N/2+2,...,N— 1denote the column
indices. From Eq. (7), it should be noted that F is divided into
four submatrices partitioned by the (N/2)-th row and the (N/2)-th
column. To ensure the symmetry of the frequency distribution
of the subcarriers, the elements of such row and column are set
to the zero-frequency region, i.e., e/™1 /™2 and /™1 /eI ™Fz,
respectively. It can be noticed that F'is equivalent to the standard
IDFT matrix when o« = 1.

As shown in Fig. 3, after employing Hermitian symmetry, the
electrical spectra of different signals are depicted, where N is set
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Fig. 3. The electrical spectra of (a) OFDM signal (N = 128, a = 1), (b)
the proposed mFrDFT based FTN-NOFDM signal (N = 128, a« = 0.8), and
(c) the conventional IFrFT based FTN-NOFDM signal (N = 128, a = 0.8) with
Hermitian symmetry.

to 128. Fig. 3(a) and (b) show the spectrum of a DCO-OFDM
signal (o = 1) and an FTN-NOFDM signal (o = 0.8) using the
mFrDFT based method, respectively. We can see from the two
figures that the modulated subcarriers are centered around the
DC carrier, which can both ensure the real-valued signal in the
time domain. However, with the conventional FTN-NOFDM
signal generation method described in Eq. (1), the frequency
distribution of subcarriers is changed, as shown in Fig. 3(c).
Hence, a real-valued FTN-NOFDM signal cannot be obtained
by employing Hermitian symmetry in this case.

Compared to the single IDFT based modulation algorithm
illustrated in Fig. 2, the proposed method also achieves an
improved performance, in addition to its no constraint on the
value of . When o = 8/9 and 63/128 subcarriers are ef-
fectively modulated by 4-QAM symbols, the estimated error
vector magnitude (EVM) versus the index of subcarriers for
two different real-valued FTN-NOFDM signals is presented in
Fig. 4. We can see from the figure that the proposed scheme
achieves a slightly lower EVM curve compared to the single
IDFT based method, which can be attributed to its relatively
lower power leakage into unmodulated subcarriers. It should be
noted that both FTN-NOFDM signals were demodulated with-
out employing any additional soft-decision decoders. Hence,
the EVM performance of the two cases would be both improved
significantly in the practical system.

The detailed comparison of different methods implementing
a real-valued FTN-NOFDM signal is summarized in Table I.
It is clear that the proposed mFrDFT based generation method
has the highest flexibility and compatibility, indicating its great
potential to be used in an FTN-NOFDM IM/DD optical system.

B. Block Segmented Soft-Decision Decoder

At the receiver side of an FTN-NOFDM system, the captured
signal is first demodulated by the mFrDFT matrix defined as the

0.35 T T T T 1 T
0.33
0.31
=
>
L
0.29
. = = Based on a single IDFT operation
— Based on the proposed mFrDFT
0.25 . . . . . .
10 20 30 40 50 60
Subcarrier Index
Fig. 4. EVM versus subcarrier index for the method based on a single IDFT

operation and the proposed mFrDFT (v = 8/9).

TABLE I
COMPARISON OF DIFFERENT METHODS

. Constraint Constraint Additional
Method Upconversion .
on o on formats degradation
IFrFT [16] Yes No No No
IDFT [19] No Yes No No
FrHT [8] No No Yes Yes
FrCT [9] No No Yes No
mFrDFT No No No No

conjugate matrix F*. The initially demodulated signal can be
expressed by

R=F*X, (®)

where X is the received signal after transmission over a noisy
and fading channel. Due to the self-created ICI from FTN-
NOFDM modulation, an efficient decoder that can recover the
transmitted symbols S from the vector R is crucial for such a
system.

In the widely used ID algorithm [16], S can be reconstructed
by iterating the following equation,

S,=R+(e—C)S, 1, )

where gq denotes the estimated symbols after ¢ iterations, E'q,l

is the estimated symbols after g—1 iterations, ¢ is an N x N

identity matrix, and C is a real-valued N x N correlation matrix
defined as

C =F'F. (10)

It should be noted that the initial condition 30 is set to R

in this algorithm. Then, the soft decision is applied to the esti-

mated symbols after each iteration. The soft mapping strategy of
4-QAM ID is illustrated in Fig. 5(a), where the threshold interval
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in each decision is

q
Ad=1 0’
where Q is the total number of iterations. However, in this case,
only symbols in area A are made decisions in each iteration,
which is not optimized in terms of the utilization of in-phase
and quadrature components.

Hence, reference [17] recently proposed an optimized map-
ping strategy by detecting in-phase and quadrature components
separately, as shown in Fig. 5(b). In this algorithm, the symbols
inarea A, B, or C can all be made decisions accordingly. Besides,
this modified decoder named CBID can also be easily applied
to the higher order square QAM formats, such as 16-QAM and
64-QAM. Compared to ID based algorithm [25], CBID does
not need to design a new mapping strategy for higher-order
constellations, leading to the reduced complexity and improved
compatibility.

Owing to the advantages discussed above, we employ CBID
for pre-decision in our proposed BSSDD, as shown in Fig. 5(c).
The accurate estimation from the first-step detection can signif-
icantly reduce the computational complexity of the second-step
detection that is based on block segmented FSD.

FSD was first proposed in a multiple input multiple output
(MIMO) system to significantly reduce the complexity of the
original sphere decoding, at the expense of a small loss in
performance [26]. In FTN-NOFDM systems, ID-FSD was also
investigated to achieve a better ICI-elimination performance
than ID [18]. However, such a decoder would greatly limit
the number of subcarriers as well as the consequent system
flexibility, especially when the adaptive loading is employed
[27], [28]. Recently, the multi-FSD based BED was proposed
to detect the large-size FTN-NOFDM signal [19]. However, in
this case, ID rather than CBID is employed for coarse estimation.
Moreover, BED requires the detected FTN-NOFDM signal that
is also divided into several blocks by some deleted subcarriers,
which changes the signal architecture and reduces the overall
SE.

Hence, BSSDD is designed in this work to detect the proposed
mFrDFT based FTN-NOFDM signal with improved perfor-
mance and relatively low complexity. Fig. 5(c) illustrates the
principle of the proposed BSSDD. After performing CBID,
the constrained estimated symbols S are sent to the 1st-stage

1

multi-FSD (M-FSD) module. Such a module is composed of
Nr (= N/(2Np)) blocks, where Np denotes the block size,
and a factor of 2 is provided by Hermitian symmetry. In each
block, the corresponding matrices and symbols are first extracted
from the initially obtained C, R and S by a block selector as
follows:

C(nr—1)Np,0

C(nT—l)NB,N—l
12)

chNBfl,O CnTNBfl,Nfl

C(np—1)Np,(nr—1)Np C(nr—1)Np,nrNp—1
Crrny = )

CTLTNB—l,(nT—l)NB CnTNBfl.,nTNBfl

(13)
RnT = [T(anl)NBa B 7T7LTNBf1]T> (14)
S_’nT = [g(anl)NBw"agnTNBfl]T (15)

fornp=1,2,..., Np.

Here, C,,,. is an Np x N submatrix of correlation matrix
C; Chpomy is an Np X Np submatrix of correlation matrix C;
R, is an Np-dimensional sub-vector of the initially received
symbols R in Eq. (8); SnT is an Ng-dimensional sub-vector of
the constrained estimated symbols S from CBID. Then, in each
block, the out-of-block interference can be eliminated from the
received symbols by

R’nT = RTLT - CTLTS + C’”«T,TLT SnTa (16)

In this process, the unconstrained estimated symbols for FSD
are also obtained as

- CnT,nT)‘gnT, (17)

where ey, is an Np X Np identity matrix. Then, the obtained
RnT, S, and SnT in each block are sent to a typical small-
dimensional FSD in order to recover the original signal [18],
[26]. Such a decision process is implemented by

‘g’VLT = R’ILT + (eNB

2
S < 9n, (18)

min HRnTgfchstgT
np €OV

= arg

nr
S

2
; 19)

RTLT - CTLT ;T SnT

gnT:
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TABLE II
COMPUTATIONAL COMPLEXITY OF DIFFERENT DECODERS

H-order BSSDD

ID-FSD [18] CBID [17]

Calculated Branches HNp |:NWWF }I:Np (NB W )]

[N NNy (N =) ] 0

FE

PE

Minimum distance
A total of 32 (=2°x4x2 ) branches have been searched.

Fig. 6. A hypothetical tree structure for FSD (Np =4, Wr =2, Ny = 2,
Np = 4).
where || - || denotes the Euclidean norm; g, denotes the initial

radius constraint; OV is the set of all the possible symbols of
V-QAM. For instance, OV = {—1 —j, =1+, 1 —j, 1 +j}
for V = 4. Since C), ., is a real-valued Hermitian positive-

definite matrix, using Cholesky decomposition [29], Eq. (18)
can be transformed for reducing the computational complexity,

L:LT LnT = ChOI {C:LT,RT CnTK”fT} ) (20)

S, =arg min
B Sy €OV

HLnT (SnT - Sn:r) H2 S ?nT»
21

where L,,,. isan Np x Np upper triangular matrix. As shown in
Fig. 6, the decision process of FSD can be illustrated by the tree
structure, which is divided into two parts. For the first Wi levels,
a fixed number of nodes (= Ny ) in each level are fully searched.
Hence, in such part, a total of N‘I,/VVF branches are searched,
which is termed as full expansion (FE). For the remaining levels
(=Np — W), with the help of Cholesky decomposition, we
only need to calculate the squared Euclidean norm of the current
branch, which termed as partial expansion (PE). In PE, Np
nodes in each level are searched. Then, only Np(Ng — Wg)
branches are required to calculate its squared Euclidean norm in
the second part.

We can see from Eq. (15)—(17) that the accuracy of the
out-of-block interference eliminated symbols R,,,. and the un-
constrained estimated symbols S’nT significantly depends on the
constrained pre-estimated symbols S. Therefore, in this work,
we further propose the structure of high-order BSSDD. After
performing FSD, the recovered symbols are combined with that
of other blocks for either output or the cascaded M-FSD, as
shown in Fig. 5(c). In the high-order BSSDD, the output symbols

S of the h"-stage M-FSD also represent the input symbols S
of the (h + 1)"-stage M-FSD (h = 1, 2,..., H — 1), which
improves the detection performance at the expense of moderate
complexity.

The computational complexity of a sphere decoding based
decoder is mainly attributed to its calculation of the squared
Euclidean norm of each branch. Hence, in Table II, we com-
pare the computational complexity of the proposed BSSDD,
the conventional ID-FSD [18] and CBID [17], according to
the total number of branches required to be searched in one
FTN-NOFDM symbol. For the purpose of a fair comparison, the
total number of subcarriers for FE is set to the same (= Ny W)
for these two decoders. We can see from the table that the
computational complexity of ID-FSD grows exponentially as
Nr increases. However, in the proposed BSSDD, the number of
calculated branches is only directly proportional to Nr. Hence,
compared to ID-FSD, BSSDD can significantly reduce the com-
putational complexity, especially when the number of modu-
lated subcarriers is large. On the other hand, owing to its high
computational complexity, the number of modulated subcarriers
in one FTN-NOFDM symbol is usually not more than 16 if
ID-FSD is employed for signal detection [20], [21], which would
limit its overall performance. For CBID, although there is no
requirement of the calculation of branches, its performance has
to be significantly limited. The proposed BSSDD thus becomes
an attractive solution that can achieve the compromise between
performance and computational complexity. Particularly, when
H = 0, BSSDD is equivalent to CBID, and when Np =1,
BSSDD is equivalent to multi-stage CBID-FSD, also indicating
its great compatibility.

VI. EXPERIMENTAL SETUP

The block diagram of the experimental setup and the DSP
is depicted in Fig. 7. In the transmitter (TX)-side DSP, a ran-
dom bit stream was first mapped into 4-QAM symbols. After
performing Hermitian symmetry, 63/128 subcarriers were ef-
fectively modulated by the obtained 4-QAM symbols, where
only the subcarriers with zero frequency were unfilled. Then, the
proposed ImFrDFT was employed to implement a real-valued
FTN-NOFDM signal. Before parallel-to-serial conversion, the
cyclic prefix (CP) was added to combat the CD, where its length
was set to 1/16 of one FTN-NOFDM symbol. After the TX-side
DSP, the generated digital signal was converted to an analog
signal by using a 24-GSa/s arbitrary waveform generator (AWG)
(Tektronix 7122C). Therefore, the data rate of this 4-QAM
FTN-NOFDM signal was about 22.24 (=2 x 63/128 x 16/17 x
24) Gb/s. Then, a narrow-linewidth tunable laser with a central
wavelength at 1550.129 nm and a Mach-Zehnder modulator
(MZM) working at its linear region were used to convert the



638

Parallel-to-Serial Serial-to-Parallel

i ™ Offline DSP RX i
! Bit Stream Demapping & BER '
' QAM Mapping BSSDD i
i Hermitian Symmetry mFrDFT E
! ImFrDFT Channel Estimation & FDE| !
! Add CP Remove CP H
i |
] ]

Oscilloscope

A

705

Fig. 7. Experimental setup and DSP for the proposed FTN-NOFDM optical
communication system based on IM/DD (AWG: arbitrary waveform genera-
tor, LD: laser diode, MZM: Mach-Zehnder modulator, SSMF: standard sin-
gle mode fiber, TOF: tunable optical filter, VOA: variable optical attenuator,
PD: photodiode).
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Fig. 8. Measured optical spectra of 24-Gbaud signals with different compres-
sion factors at back-to-back (B2B).

obtained electrical signal into the optical domain. Before feed-
ing into a fiber link, we first measured the optical spectra of
24-Gbaud signals with different compression factors. As shown
in Fig. 8, we can see that the FTN-NOFDM signal reserves more
energy in the lower frequency part as the value of o decreases.
Moreover, in the proposed system, no additional guard band
between optical carrier and signal is required, which can further
improve its tolerance to CD and narrow-band filtering.

After transmission over a piece of 20-km standard single mode
fiber (SSMF), a variable optical attenuator (VOA) was applied
to control the received optical power (ROP) into the photodiode
(PD). Then, the captured optical signal was converted into the
electrical domain by a PD (XPDV 2020R). Before performing
the receiver (RX)-side DSP, a real-time oscilloscope (Tektronix
DSA72004B) at a sampling rate of 50 GSa/s was used to sample
the detected FTN-NOFDM signal. The electrical spectra of
the received FTN-NOFDM signals with different compression
factors are presented in Fig. 9. The obtained samples were then
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Fig. 9. The electrical spectra of the received FTN-NOFDM signals with a
compression factor of (a) 1, (b) 0.9, (c) 0.8, and (d) 0.75, respectively.

processed by the following steps, including serial-to-parallel
conversion, CP removal, channel estimation and the correspond-
ing frequency-domain equalization (FDE), demodulation based
on mFrDFT, ICI elimination based on BSSDD, QAM demap-
ping and BER calculation.

V. RESULTS AND DISCUSSIONS

Fig. 10 presents the transmission performance of the proposed
4-QAM FTN-NOFDM IM/DD optical system with different
values of «v. In consideration of the tradeoff between the compu-
tational complexity and the overall performance, the correspond-
ing parameters of BSSDD were set as follows: order of BSSDD
H = 3, block size Ng = 16, block number N = 64/16 = 4,
subcarrier number for FE in each block W = 4, constellation
point number for FE in each subcarrier Ny = 2, constellation
point number for PE in each subcarrier Np = 4. To verify the
feasibility of the proposed decoder, we measured the BER em-
ploying BSSDD and CBID [13], respectively. The BER versus
ROP in the back-to-back (B2B) system is shown in Fig. 10(a).
We can see that the FTN-NOFDM signal with a = 0.9 has
almost the same performance as the conventional OFDM signal
(av=1)in spite of the inherent ICI induced. This can be attributed
to its saved bandwidth and consequently higher tolerance to the
bandwidth limitation from devices. On the other hand, despite its
slight improvement for the FTN-NOFDM signal with av = 0.9,
the proposed BSSDD can achieve a significant receiver sensitiv-
ity improvement compared to CBID when the compression ef-
fect is further enhanced. In the case of a = 0.8, the required ROP
to meet the KP4-forward error correction (FEC) threshold of 2.2
x 10~*is decreased by about 2.5 dB by employing the 3rd-order
BSSDD. When 25% bandwidth is saved (o = 0.75), compared
to CBID, BSSDD can achieve about 1.5-dB receiver sensitivity
improvement at the hard-decision (HD) -FEC threshold of 3.8 x
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Fig. 10. Measured BER versus ROP (a) at B2B and (b) after 20-km SSMF

transmission, for different 4-QAM FTN-NOFDM signals, respectively employ-
ing CBID and the 3™-order BSSDD (H = 3, N = 128, Ng = 16, N = 4,
Wp =4, Nyw =2, Np = 4).

1073, Then, we added a piece of 20-km SSMF and measured the
corresponding BER under different ROP values, as depicted in
Fig. 10(b). Due to bandwidth saving, the FTN-NOFDM signal
shows a higher tolerance to the induced CD. We can see from the
figure that the proposed scheme with « of 0.9 can even slightly
outperform the conventional OFDM signal after 20-km SSMF
transmission. On the other hand, when o = 0.75, about 2-dB
performance improvement is also achieved by using BSSDD in
this case.

In this work, we have further investigated the tolerance to
system bandwidth limitation for different FTN-NOFDM signals,
as shown in Fig. 11. In the B2B system, we used an additional
tunable optical filter (TOF) before PD to emulate different
system bandwidth values, where ROP was fixed as —2 dBm.
We can see from the figure that all these signals with employing
FTN-NOFDM outperform the conventional OFDM signal in
the bandwidth-limited region. Especially when the 3™-order
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Fig. 11. Measured BER versus optical bandwidth for different 4-QAM FTN-
NOFDM signals (B2B, ROP = — 2 dBm).

BSSDD was also employed, more than 3.5-GHz bandwidth
sensitivity improvement can be achieved at both HD-FEC and
KP4-FEC thresholds, compared to the conventional OFDM
signal. On the other hand, compared to CBID, BSSDD shows
about 1.5-GHz improvement at KP4-FEC threshold and 2-GHz
improvement at HD-FEC threshold for the cases of o = 0.8 and
a = 0.75, respectively.

From Fig. 10-11, we can see that the optimal compres-
sion factor of FTN-NOFDM signals is different for different
channel conditions. Therefore, as shown in Fig. 12, we further
investigated BER versus « under different optical bandwidth
(OBW) limitations and SSMF lengths, via numerical simula-
tions. Herein, optical signal-to-noise ratio (OSNR) was fixed at
20 dB, OBW was emulated by a 4th order Butterworth filter, and
the other parameters were set to the same as our experiments.
We can see from the figure that the proposed FTN-NOFDM
technique with BSSDD achieves improved resilience to the
channel impairments, compared to the OFDM signal (o = 1).
The simulation results also indicate that there is an optimal « for
the FTN-NOFDM system, which is dependent on the practical
channel condition.

Since FTN-NOFDM can save bandwidth resources, it has
great potential to be used in wavelength division multiplexing
(WDM) systems. By simulations, we investigated the perfor-
mance of a 3 x 24 Gbaud FTN-NOFDM WDM system. Fig. 13
shows BER versus channel spacing for all three channels, where
the channel spacing was determined by a Kaiser window. More-
over, the compression factor of FTN-NOFDM signals was set
to match with the channel spacing. We can see from the figure
that due to its improved resilience to CD, the WDM signals
with 21-GHz channel spacing achieve the lowest BER, while
saving 12.5% (=3/24) bandwidth. Channel 2 shows slightly
poorer performance than the other two channels, which can be
attributed to its more severe spectrum overlapping.

As we discussed in Section III, one advantage of the proposed
BSSDD is its relatively easy upgrade path to the higher order
square QAM formats. Hence, we have also investigated the
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performance of 16-QAM FTN-NOFDM signals using BSSDD.
In this case, the AWG sampling rate was set to 12 GSa/s to
maintain the data rate as about 22.24 (= 4 x 63/128 x 16/17
x 12) Gb/s, which is the same as the aforementioned 4-QAM
FTN-NOFDM signals. As shown in Table II, increasing Ny and
Wr would exponentially increase the computational complexity
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respectively.

of BSSDD. Hence, we optimized the value of Np and the order
of BSSDD: H, as shown in Fig. 14(a) and (b), respectively. We
can see from the figure that the optimal values for Np and H are
found to be 8 and 3, respectively. The other parameters were set
as follows: Np = 16, Ny = 64/16 = 4, Ny = 4, Wr = 2.
Then, the transmission performance of 22.24-Gb/s 16-QAM
FTN-NOFDM signals after 20-km SSMF transmission is de-
picted in Fig. 15. Despite the severe ICI induced by non-
orthogonality, the 16-QAM FTN-NOFDM signal with 15%
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bandwidth saving (o = 0.85) can still keep its BER below
the HD-FEC threshold by employing the proposed BSSDD.
Moreover, compared to CBID, BSSDD achieves about 2-dB
receiver sensitivity improvement at both HD-FEC threshold and
soft-decision (SD) -FEC threshold when « is 0.9 and 0.85,
respectively, indicating the enhancement of ICI elimination in
an FTN-NOFDM IM/DD optical system.

VI. SUMMARY

In this paper, we have fully investigated our recently proposed
mFrDFT based FTN-NOFDM generation method for IM/DD
optical communications systems. Without the complicated up-
conversion, the bandwidth requirement is further reduced. More-
over, the proposed scheme has no constraint on the compression
factor and modulation formats, leading to the improved com-
patibility and flexibility. For the purpose of efficient symbol
detection in a large-size and high-order FTN-NOFDM system,
a novel soft-decision decoder, termed as BSSDD, has been
further proposed, which can achieve the compromise between
performance and computational complexity. We have compared
the computational complexity of the proposed BSSDD and
the conventional ID-FSD, indicating its significant advantage
when the number of subcarriers is large. A 22.24-Gb/s 4-QAM
FTN-NOFDM signal with up to 25% bandwidth saving has been
experimentally demonstrated over 20-km SSMF while keeping
the BER below the HD-FEC threshold. For both 4-QAM and
16-QAM FTN-NOFDM  systems, the proposed BSSDD
achieves better performance than the conventional CBID. The
proposed scheme also shows a higher tolerance to narrow-
bandwidth filtering, indicating the great potential of the pro-
posed FTN-NOFDM technique for bandwidth-limited high-
speed IM/DD optical systems.
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