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Abstract: In this paper, a subset-optimized eight-dimensional trellis-coded quadrature amplitude
modulation (SO-8DTCM-16QAM) format for higher-order constellations in high-speed optical com-
munications is proposed. This scheme increases the number of subsets of base 2D constellation
divisions. On this basis, it is further optimized by using 2D subsets for Cartesian product combina-
tions to obtain 4D subsets and eliminate the combinations with small Euclidean distances. Finally,
the 4D subsets are utilized to construct interrelated 8D subsets for trellis coding modulation and
signal transmission. The proposed scheme can effectively reduce the decoding complexity and
outperforms the conventional scheme at a high signal-to-noise ratio (SNR). Simulation verification
of the proposed scheme is carried out, and the results show that the SO-SDTCM-16QAM achieves
signal-to-noise ratio (SNR) gains of 1.60 dB, 1.56 dB, 1.51 dB, and 1.33 dB, respectively, compared
with the conventional 8D-16QAM signals when BTB and 5/20/30 km optical signal transmission are
performed. The SO-8DTCM-16QAM also achieves an SNR gain of 1.86 dB, 1.75 dB, and 1.22 dB at
a net transmission rate of 14/21/28 GBaud. In addition, the SO-8DTCM-16/32/64QAM achieves
an SNR gain of 1.27 dB, 0.80 dB, and 1.24 dB, respectively, when compared with the unoptimized
8DTCM-16/32/64QAM. Meanwhile, the proposed eight-subset SO-SDTCM-QAM scheme reduces
the complexity of the decoding computation in the subset selection part and the constellation point
selection part by 93.75% and 50%, respectively, compared with the unoptimized eight-subset and
four-subset SDTCM-QAM schemes. It can be seen that the proposed scheme simultaneously opti-
mizes the transmission performance and complexity of high-speed optical communication systems
and has practical application value.

Keywords: trellis-coded modulation (TCM); 8D constellations; quadrature amplitude modulation
(QAM); subset optimization

1. Introduction

With the rapid development of mobile Internet, big data, artificial intelligence, and
other information network technologies, the degree of informatization in many industries
continues to increase. 4K video, Internet of Things, cloud computing, telecommuting,
online education, and many other intelligent industries are becoming more and more
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popular every day, and along with this, there is the demand for massive data transmission,
which makes the importance of high-speed data transmission, especially high-speed optical
communication, increasingly prominent. However, in the face of the rapidly growing flood
of traffic, the existing optical network standards are becoming increasingly difficult to
meet the urgent demand for transmission bandwidth of the fast-growing Internet appli-
cations. Therefore, it is urgent to improve the system transmission capacity of existing
optical communication networks. Driven by this goal, a large number of researchers have
continuously investigated various technical means to achieve the increase in the capacity
of optical fiber communication systems, such as wavelength-division multiplexing, the use
of higher-order modulation formats, etc., but they all face various technical bottlenecks in
the process of development [1,2]. Increasing the number of subchannels within the fiber
optic communication window such as WDM can increase the transmission capacity of the
system, but in addition to the need for modification of the existing system hardware, it
will also lead to a reduction in the channel spacing, causing serious interchannel crosstalk.
The use of a higher-order modulation format enables multiple lower-order modulated
signals to be combined on a single carrier to achieve higher spectral efficiency (SE) and
transmission rate for system gain. However, the higher-order modulation format also
brings problems of difficult judgment, increased computational complexity, and reduced
interference immunity due to the expanded constellation diagram. Therefore, solving the
contradiction between the gain and interference of the high-order modulation format is a
key issue in the current development of optical communication to ultralong distances and
ultrahigh speeds.

One approach that has been proven to be effective is the trellis-coded modulation
(TCM) technique. TCM maximizes the minimum free Euclidean distance between coded
signal sequences by extending the signal set to accommodate the information redundancy
due to convolutional coding and uses set partitioning to implement the mapping process
from bit labels to signals. The coding gain it brings will provide an additional 3-6 dB coding
gain after offsetting the gain loss caused by the reduction in the Euclidean distance between
the information points due to the expansion of the signal set [3,4], which can effectively
improve the transmission performance of the system and reduce the bit error rate (BER) of
demodulation. Some conventional communication systems adopt a two-dimensional TCM
scheme with a code rate of k/(k + 1), and in higher-order 2D-TCM systems, although the
trellis coding still yields a gain from an overall perspective, the signal set expansion results
in a loss of coding gain of about 3 dB [5]. In order to reduce this loss, a multidimensional
TCM is required that utilizes dimensional apportionment to reduce the impact caused by
constellation expansion.

Multidimensional trellis coding uses a multidimensional signal set while using mul-
tiple physical dimensions of the carrier to carry the multidimensional signal [6]. It has
coding relationships between the multidimensional signals, and the original signals are
restored by Viterbi decoding during demodulation. Compared with the traditional multidi-
mensional independent signal, on the basis of meeting the transmission of large-capacity
signals, trellis coding can greatly reduce the impact of fiber channel nonlinearities on it and
enhance the signal’s anti-interference ability. At the same time, the constellation points in
the multidimensional signal set are distributed in a multidimensional space, which has a
larger optimization space of geometric and probability distributions compared with the
one- or two-dimensional signal set [7] and can achieve the goal of coordinating the spec-
tral efficiency and power efficiency. Therefore, this technique has also received extensive
attention from researchers in the industry [8].

In 2019, Stojanovic et al. proposed a four-dimensional trellis-encoded seventh-order
pulse amplitude modulation format (4D-TCM-PAM?) that can be applied in data cen-
ters, achieving transmission rates of 210/225 Gbit/s in the C band [9]. In the same year,
Zhang and Hu proposed a 4D-TCM technique based on ball-filling, which showed some
performance improvement in terms of BER and transmission distance compared with
the conventional 4D modulation [10]. These studies initially explored the possibility of
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multidimensional trellis coding in data transmission. However, in the above 4D-TCM
scheme, conventional polarization multiplexing is applied to transmit two mutually inde-
pendent 2DTCM signals [11-13]. This scheme does not use TCMs associated with multiple
dimensions, does not break the low-dimensional limitations itself, and signal interference
between multiple dimensions affects decoding accuracy.

In 2020, Zhang proposed a probabilistic shaping 16QAM modulation scheme based
on TCM with nonuniform probabilistic mapping of TCM-16QAM subsets, and successfully
demonstrated the scheme in a single-mode fiber optic transmission system at a distance of
25 km, obtaining great optical SNR gain and BER performance [14]. In 2021, Zhang and Liu
proposed a high-security multilevel constellation shaping TCM method based on clustered
mapping rules, thus obtaining better constellation shaping gain while extending the coding
gain of TCM [15]. These studies integrate trellis coding and constellation shaping with each
other and provide a new way to improve the performance of TCM. However, the use of
constellation shaping reduces the SE of the modulated signal, and these schemes simply
combine constellation shaping with trellis coding without more optimization of the trellis
coding part.

In 2022, He et al. proposed a four-dimensional trellis-coded modulation quadrature
amplitude modulation orthogonal frequency division multiplexing (4D-TCM-QAM-OFDM)
combined with a precoding scheme and demonstrated that this scheme has higher SE and
receiver sensitivity in W-band fiber optic radio systems [16]. In 2023, Qin et al. proposed
a recursive neural network-based joint equalization and decoding method, which can be
transmitted over 112.5 Gb/s under a 7% hard-decision forward error correction (7% HD-
FEC) threshold, as well as 87.5 Gb/s over 10 km standard single-mode fiber (SSFM) links
to achieve higher BER performance compared with the conventional method [17]. These
studies integrate trellis coding with precoding, neural networks, and other techniques, fur-
ther enriching the way trellis coding is applied in optical communications. However, these
techniques do not optimize trellis coding at the compiled code level, and the performance
improvement is limited by the design of precoding and neural networks.

Therefore, to address the problem that the existing trellis coding dimensions are low
and each dimension is independent of the other, which cannot take advantage of the multi-
dimensional trellis demodulation, a higher-order multidimensional trellis coding method
suitable for optical transmission is investigated, and an eight-dimensional trellis coding
quadrature amplitude modulation scheme based on subset optimization is proposed. In the
optical communication system, the scheme applies higher dimensional trellis coding to
modulate the signal, while using multiple physical dimensions of the carrier to carry multi-
dimensional signals, and utilizes the dimensions to effectively mitigate the misjudgment
caused by the reduced minimum Euclidean distance due to the expansion of the signal
set. The scheme takes full advantage of multidimensional trellis coding so that signals
in multiple dimensions are correlated with each other in the coding. During decoding,
error correction can be performed based on the relationship of multiple transmitted signals.
If a sudden error occurs in one channel due to channel problems, the signals in other
dimensions can be utilized for correction, and this advantage is especially obvious in
channels with high SNR [18]. At the same time, the scheme is further optimized for the low-
dimensional subset, which can further increase the minimum Euclidean distance, reduce
the impact of various types of noise on the signal in the fiber-optic communication system,
and enhance the anti-interference ability of the signal. On this basis, the optimized subset
coding can also reduce the complexity of decoding calculation at the demodulation end.

The proposed SO-8DTCM-QAM scheme is simulated and verified under different fiber
lengths, net transmission rates, and constellation orders. The results show that when per-
forming BTB, as well as 5/20/30 km optical signal transmission, the proposed SO-8DTCM-
16QAM scheme achieves SNR gains of 1.60 dB, 1.56 dB, 1.51 dB, and 1.33 dB, respectively,
at 7% HD-FEC threshold compared with the conventional 8D-16QAM scheme. At a net
transmission rate of 14/21/28 GBaud, the SO-8DTCM-16QAM scheme achieves SNR gains
of 1.86 dB, 1.75 dB, and 1.22 dB, respectively. In addition, for different modulation orders,
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the SO-8DTCM-16/32/64QAM obtains 1.27 dB, 0.80 dB, and 1.24 dB gains compared with
the unoptimized 8DTCM-16/32/64QAM, respectively. Meanwhile, the proposed eight-
subset SO-8DTCM-QAM scheme reduces the complexity of decoding computation in the
subset selection part and constellation point selection part by 93.75% and 50%, respectively,
compared with the unoptimized eight-subset and four-subset SDTCM-QAM schemes.

2. Principle of the SO-8DTCM-QAM Scheme

The block diagram of signal generation at the transmitter side of the signal is shown
in Figure 1. The original random bit signal sequence is input and a serial-parallel trans-
formation is performed on the original sequence according to the required order of the
basic 2D constellation. The subsequent coding is divided into three parts: k-bit coded bits,
a-bit noncoded bits, and b-bit noncoded bits. The k-bit coded bits are first convolved by a
convolutional encoder with a code rate of k/(k + 1), and the 8D subset is selected using
the resulting (k + 1) bits. The 4D and 2D subsets are selected using the a-bit noncoding
bits. Signal points are selected using b-bit noncoding bits. Constellation mapping of 8D
signals is performed based on the selection of subsets and constellation points to obtain the
8DTCM-QAM signal to be transmitted.

Selecting the 8D subset

Convolutional

) ( il
[ \ Is encoder with (et 1) ( N ( )
> coded d " coded
Serial-parallel bits cou e bits . )

Tagan s fommation k/(k+1) 8D signal Obtain the
original of the original anon- mapping PEOROSEI
random 1 B L coded Selecting 4D subsets and basedon || SO-8DTCM-
50 el R T i 2D subsets subsets and QAM signal

g & ~——— constellation to be
sequence constellation : :
d (b non- ) ) ) points transmitted
Rlcch n;‘zl Select constellation points
—| code
J \_bits_J
\ o _J/\_bits g VAN J

Figure 1. Block diagram of signal generation at the signal transmitter.

In the trellis coding process, the core operations are the selection of subsets in each
dimension from high to low and the selection of constellation points in the lowest dimension
signal set. Therefore, the following content first introduces how to optimize the design and
construction of 2D /4D /8D subsets and obtain the matching signal set. After that, how to
perform specific trellis coding using the original bit sequences to obtain the 8D signals to be
transmitted is presented. Finally, the proposed scheme is analyzed for decoding complexity.

2.1. Division and Construction of Optimized Subset

In the construction of 2D/4D/8D subsets, the high-dimensional subsets are combined
with the low-dimensional subsets, so in the subset design and partitioning, the subsets of
different dimensions are defined sequentially from low to high dimensions, i.e., to obtain
the 2D subsets, 4D subsets, and 8D subsets sequentially.

First, in order to obtain the 2D subset, a subset division of the 2D-mQAM base
constellation is required, where m is the order of the QAM constellation. The asymptotic
coding gain equation of TCM after subset partitioning and noncoding modulation is
given by

dJZ(VCC/COdEd/ECOdEd o Evncoded d]%’ff/md@d
E

v = =74 (1)

2 - 2
dmin/uncoded / E“”COdfd coded dmin/uncoded

Ecodged and E ;0404 denote the average energy of the set of coded and noncoded signals,
respectively. dyin/uncoded N d free/coded denote the minimum Euclidean distance between
signal points in the noncoding constellation diagram and the free distance between coding
sequences, respectively. . and 7y, denote the constellation map energy expansion factor
and distance gain factor, respectively. The coding constellations are scaled down to have
the same average energy as the noncoding constellations, i.e., . = 1. For a TCM system to
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achieve coding gain, the free distance between coding sequences must be greater than the
minimum distance between signal points in the noncoding system:

dfree/coded > dmin/uncoded (2)

In order to increase the distance between the coded signals, the traditional TCM
scheme divides the 2D-mQAM base constellations into four subsets A-D [19], where each
subset contains m/4 constellation points. However, if the higher-order constellations are
represented by increasing the number of points in the 2D-mQAM base constellations, it will
increase the number of points in each subset, thus raising the probability of misclassification
in the constellation point judgment. In this paper, an SO-SDTCM-QAM scheme is proposed
to divide the 2D-mQAM base constellation into eight subsets A-H to reduce the number
of constellation points contained in each subset in the higher-order constellations, which
facilitates the process of optimizing the subset selection in the subsequent subset design,
increases the minimum Euclidean distance, and improves the judgment accuracy in the
subsequent demodulation. The 2D basic constellation subset division for 16QAM, 32QAM,
and 64QAM is shown in Figure 2.

y y y
° o o e o o e o o
° ° ° ° ° o
I ° S e ® ¢ o0 @ Subset A @ Subset E
° ° ° ° ° ° ° ° @ Subsct B Subset F
x Subset C  @Subset G
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Figure 2. Two-dimensional base constellation subset segmentation for 16QAM, 32QAM, and 64QAM.

As shown in Figure 3, 16QAM is used as an example to demonstrate the process
of dividing 2D constellation subsets. The minimum Euclidean distance of the original
constellation points is Ay = 2. After one set division, the minimum Euclidean distance
becomes A; = 2v/2. After second-order set division, the minimum Euclidean distance is
A, = 4. After third-order set division, the minimum Euclidean distance is Az = 41/2.
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Figure 3. Segmentation process for 2D subsets of 16QAM.
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Second, the 4D subsets are composed using the divided 2D subsets. When composing
4D subsets, 2D subsets of different dimensions are Cartesian multiplied to obtain 2D
combinations, and multiple 2D combinations form a 4D subset. Compared with the case of
dividing into 4 subsets, if all 2D combinations are represented, the number of combinations
increases from 16 to 64, and the number of 2D combinations in each 4D subset increases
from 2 to 8. Since metric computation and branch deletion need to be performed on
each set of signals based on each 4D subset during decoding, a simple increase in the
number of 2D subset divisions will greatly increase the computational complexity and
the total computation time. Therefore, this scheme further optimizes the 4D subsets by
deleting some of the 2D combinations, thus simplifying the composition of the 4D subsets.
After optimization, each 4D subset contains only two 2D combinations, and the minimum
Euclidean distance between each 4D subset is guaranteed to be the largest, i.e., the 2D
subset with a larger minimum Euclidean distance is preferentially selected to form the 2D
combinations, which can effectively reduce the probability of misclassification of the 4D
subsets. The selection of 2D combinations in 4D subsets is shown in Table 1.

Table 1. Selection of 2D combinations in the 4D subset.

Combination of Cartesian

Corresponding Bit 4D Subset Products of 2D Subsets
000 a (A1 x A2)(B1 x B2)
001 b (C1 x C2)(D1 x D2)
010 c (E1 x E2)(F1 x F2)
011 d (G1 x G2)(H1 x H2)
100 e (A1 x B2)(C1 x D2)
101 f (D1 x C2)(B1 x A2)
110 g (E1 x F2)(G1 x H2)
111 h (H1 x G2)(F1 x E2)

Finally, the optimized 4D subsets are used to compose 8D subsets. In composing the
8D subset, the 4D subsets of different dimensions are Cartesian multiplied, and a total of
64 4D combinations are obtained. Every four 4D subset combines a group, i.e., S1-516
16 8D subsets are obtained to complete the division and construction of optimized subsets.
The 2D subsets, 4D subsets, and 8D subsets of SO-8DTCM-QAM are obtained, as shown in
Figure 4.

8DTCM-QAM
(S1-S16)

4DTCM-QAM 4DTCM-QAM
(al,bl,cl,dl,el,fl,gl,hl) (a2,b2,c2,d2,e2,12,g2.h2)

SN N

2DTCM-QAM 2DTCM-QAM  2DTCM-QAM 2DTCM-QAM
(A1,B1,C1,D1) (A2,B2,C2,D2) (A3,B3,C3,D3) (A4,B4,C4,D4)

Figure 4. Two-dimensional/four-dimensional/eight-dimensional subsets of the proposed SO-
8DTCM-QAM scheme.

2.2. Trellis-Coded Modulation

After constructing the 2D /4D /8D subsets, the original bit sequence is trellis-coded to
obtain the 8D signal to be transmitted. First, the original sequence of random bit signals
is input, and a series-parallel transform is performed on the original sequence according
to the required order of the basic 2D constellation. Equal probability 01-bit sequences are
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generated at the input, and after series-parallel transformation, each segment of the bit
sequence is of equal length, and each bit segment is trellis-coded to obtain an 8D signal.

In the subsequent coding process, each bit segment needs to be divided into four parts:
an 8D subset selection part, a 4D subset selection part, a 2D subset selection part, and a
2D constellation point selection part. In the 8D subset selection part, 3-bit data are needed.
The 3-bit data are passed through a convolutional encoder which has a code rate of R = 3/4
and a constraint length of K = 5. One of the sixteen 8D subsets from S1-516 is selected
using the newly generated coded bits b1-b4. The structure of the convolutional encoder
and the register state transfer diagram are shown in Figure 5.

X1 Y1
X2 Y2
X3 Y3

S2 S1 Y4

N )
o 3

D
N

’—>S4 J

(a)

Previous state 1111 1110 1101 1100 1011 1010 1001 1000 0111 0110 0101 0100 0011 0010 0001 0000
e o [ ] [ ] [ ] [ J [ J [ ]

Convolutional encoding

output / input

[ J (J g o (] [ J [ J [ J o [
Next state 1111 1110 1101 1100 1011 1010 1001 1000 0111 0110 0101 0100 0011 0010 0001 0000

0000/000

01004010 1000/100

1110/1 0110/0 1010401 00104001 11007110~

(b)

Figure 5. (a) (4,3,5) convolutional encoder. (b) The state transition diagram of the register.

In the 4D subset selection part, 1 pair of 4D subsets is determined by utilizing 2-bit to
select a 4D combination from the selected 8D subset. In the 2D subset selection part, 2-bit is
utilized to select a 2D combination from each of the two 4D subsets, and in this way, 2 pairs
of 2D subsets are determined, i.e., 4 separate 2D subsets belonging to each of the 4 2D
constellations. Finally, in the 2D constellation point selection part, a constellation point is
selected from each of the 4 2D subsets using 4 x (logoM—3) bits according to the QAM order.
For a base 2D constellation of order M, divided into eight 2D subsets, a subset contains
M/8 constellation points, which requires (logoM—23) bits for representation. The 8D signal
requires 4 constellation points to be selected, so the constellation point selection portion
requires 4 x (logpM—3) bits.

The bit utilization diagram is shown in Figure 6. The total spectral efficiency is
7 +4 x (logopM—3) bit/s/Hz, which consists of (3 + 2 + 2) bit for selecting the 8D, 4D,
and 2D subsets, as well as [4 x (logoM—3)] bit for selecting the constellation points.
The scheme realizes the coding of multidimensional signals in correlation with each other,
which makes it possible to utilize multiplexing relations for error correction during decoding.
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Figure 6. Bit utilization diagram for the proposed SO-8DTCM-OAM scheme.

2.3. Decoding Complexity Analysis

The computational complexity of decoding for TCM is improved after subset opti-
mization. When decoding an 8D trellis, a large number of operations are required for each
update of the branching metrics of all states. The overall operation is divided into two
parts: subset selection and constellation point selection. Both parts of the operation are
nested sequentially from top to bottom. Thus, if the number of times an operation needs to
be performed is doubled, the overall amount of arithmetic is doubled.

The subset selection part of the operation includes register arrival state (8D subset
selection), register source state (8D subset selection), 4D combination selection in the 8D
subset, 2D combination selection in the first 4D subset, and 2D combination selection in
the second 4D subset. The constellation point selection part of the operation includes
signal dimension selection and constellation point selection. The following illustrates the
functions specifically included in each operation.

1.  Register arrival states and register source states (8D subset selection): For each de-
coding, the current number of possible arrival states is 8 and the number of possible
source states is also 8. Assume the arrival and source states of the transmitted signal
and calculate the distance between the received signal and the assumed signal as a
metric. Select the 8D subset with the smallest metric.

2. Selection of 4D combinations in the 8D subset: Each 8D subset contains 4 4D combi-
nations. Assume 4D combinations of the transmitted signal and compute 4 metrics.
Select the 4D combination with the smallest metric (i.e., a pair of 4D subsets).

3. Selection of 2D combinations in the first 4D subset: Each 4D subset has a different
number of 2D combinations depending on the scheme. Assume the first 2D combi-
nation of the transmitted signal and compute the metrics. Select the 2D combination
with the smallest metric (i.e., the first pair of 2D subsets).

4.  Selection of 2D combinations in the second 4D subset: Assume the second 2D combi-
nation of the transmitted signal and compute the metrics. Select the 2D combination
with the smallest metric (i.e., the second pair of 2D subsets).

5. Signal dimension selection: The 8D signal needs to be calculated separately for each
of the four 2D signals it contains.

6.  Constellation point selection: Each 2D subset has a different number of constellation
points depending on the scheme. Assume the constellation points of the transmitted
signal and compute the metrics. Select the constellation point with the smallest metric.

As shown in Table 2, two unoptimized 8DTCM-QAM schemes with different numbers
of 2D subsets are compared with the SO-8SDTCM-QAM scheme proposed in this paper.
The table lists the key operations that need to be performed at the demodulation side of the
signal for Viterbi decoding, as well as the number of times the metric value computation
and comparison need to be performed in the corresponding operations. In each scheme,
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the computational effort for the same operation is exactly the same, differing only in the
number of times the operation is invoked. Therefore, the computational complexity is
counted and analyzed with each operation as the smallest unit.

Table 2. Operations of the three schemes for branching metrics of all states per update.

Selection Section

Key Operation 8DTCM 8 Subsets 8DTCM 4 Subsets SO-8DTCM 8 Subsets

Subset selection section

Register arrival states
(8D subset selection)

8 8 8

Register source states
(8D subset selection)

8 8 8

Selection of 4D

combinations in the 8D 4 4 4

subset

Selection of 2D

combinations in the 8 2 2

first 4D subset

Selection of 2D

combinations in the 8 2 2

second 4D subset

Constellation point
selection section

Signal dimension
selection

Constellation point
selection (constellation M/8 M/4 M/8

order M)

A comparison is made in terms of BER performance. In both unoptimized schemes,
only the number of 2D subset divisions is changed, but the corresponding 4D subset design
and optimization are not performed, so the minimum Euclidean distance is the same in
both cases, the demodulation BER is the same, and the BER performance is lower than that
of the optimized scheme.

A comparison is made in terms of the amount of operations. The unoptimized scheme
with 8 subsets has a total multiplier of operations in the subset selection part that is 16 times
higher than that of the optimized scheme due to the higher number of 2D combinations.
The optimized scheme reduces the computation in this part by 93.75%. The 4-subset
unoptimized scheme has the same computation as the optimized solution in the subset
selection part, but in the constellation point selection part, the total multiplier of the
computation of the 4-subset unoptimized scheme is 2 times more than that of the optimized
solution. The optimized scheme reduces the arithmetic in this part by 50%.

3. Simulation Results and Discussion
3.1. Simulation System Setup

In order to evaluate the performance of the SO-8DTCM-QAM scheme, a simulation
system, shown in Figure 7, is established. The SO-8D-TCM-QAM signal to be transmit-
ted is first generated at the transmitter side. The random bit sequence is subjected to a
serial-parallel transformation according to the modulation format, and the bit data are
partitioned into fixed-length data segments. After the TCM and constellation mapping
process mentioned above, four 2D signals are obtained.

The light wave emitted by the laser diode is divided into two polarizations, x and
y, through a polarization beam splitter for modulating the two 2D signals. The I and Q
paths of each 2D signal are modulated using a Mach-Zehnder Modulator (MZM) after
passing through the pulse transmitter to obtain the corresponding optical signal, respec-
tively. The two orthogonally polarized optical modulation signals are passed through a
polarization combiner to obtain a 4D polarization multiplexed signal. The same is true
for the other two 2D signals. In this way, two 4D polarization multiplexed signals are
obtained. Afterward, the two 4D signals are passed through bandpass filters and frequency-
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division multiplexed to both sides of the center frequency. After being amplified by an
erbium-doped fiber amplifier (EDFA), they are transmitted in a standard single-mode fiber
(SSMEF) [20]. The specific parameter settings of the simulation system are shown in Table 3.

QAMsignal 1 _ ga

Data -
preprocessing (- LD1
Random bit 7
sequence generation | [~ | SDTCM PC BPF1
Il 1 - |QAM signal 2 p EA i
Series-parallel . QAM } I/Q MOD _El EDFA
transformation . | Encoding QAM signal 3 EA
1 . | mapper 1/Q MOD
Convolutional LD2 H
coding . _E:I_
I
Su‘t;set — & BRER
i | AM signal 4 EA
selection Q signal > 1/Q MOD
PD SSMF e e ,
LDl  pgsg = ! Functions of 4D-DSP i
BPF1 % N * . Performance E DC blocking QA " i
PC ol 4D-DSP — Signal computation i SOIpEIRA DT '
: * || demodulation 3 E Timing i
: | L Parallel- series i | Low pass filter recovery i
— Viterbi 1| transformation ' - - :
: RLIL_. - ecodi I ! Resampling Adaptive i
S ecoding Y i : |
_E:I_ Wi ¥ L | Bit error .rate i Frequency equalizer :
BPF2 ESS o | galenaiion ! offset Carrier phase |
0 N * L ; estimation estimation i
PC = e AT |
PD
Figure 7. Simulation system of the proposed SO-8DTCM-OAM scheme.
Table 3. Simulation system parameter settings.
Parametery Specification
Center frequency 192.6 THz
Laser linewidth 100 kHz
Modulator half-wave voltage 3V
Modulator insertion loss 5dB
Modulator extinction ratio 30 dB
Input power of fiber 0 dBm
EDFA gain 20dB
EDFA noise figure 4dB
Fiber attenuation coefficient 0.2 dB/km
Fiber nonlinearity coefficient 1.3 (W-km)~1
Fiber dispersion coefficient 16.75 ps/(nm-km)
Fiber length 0-30 km
Bandpass filter bandwidth 20-60 GBaud

At the receiving end, the optical signal is first demultiplexed through a bandpass filter
with the same bandwidth as the transmitting end. After that, the optical signal is con-
verted into an electrical signal by coherent reception using a laser with the same frequency
as that of the transmitting end. After that, the two 4D polarization-multiplexed signals
are compensated separately by a DSP module, whose functions include DC blocking,
normalization, low-pass filter, resampling, I/Q compensation, timing recovery, adaptive
equalization, frequency offset estimation, and carrier phase estimation to obtain the com-
pensated SDTCM-QAM signal. Finally, signal demodulation is performed, the compensated
8D signal is decoded by Viterbi decoding, and the bit information is obtained after parallel-
serial transformation, which is compared with the original sequence at the transmitter to
calculate the BER performance.
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3.2. Simulation Results and Performance Analysis

In 2023, Jin et al. performed an experiment to investigate the performance of trans-
mitting 4D/8D-16QAM, as well as 4D/8D-64QAM in standard single-mode fiber using
wavelength-division multiplexing (WDM) [21]. In this paper, in order to evaluate the per-
formance of the eight-dimensional trellis-coded quadrature amplitude modulation scheme,
the BER performance of the proposed SO-8DTCM-16QAM scheme is first analyzed and
compared with that of the conventional 8D-16QAM scheme under different fiber lengths.
In a 20 km optical transmission system, the SNR is set to 20 dB, at which time the 2D
constellation diagrams of the SO-8DTCM-16QAM signal in four dimensions are shown in
Figure 8.

& 5 5 3 . 1 ‘0 1 2 3 4 5
(©) (d)
Figure 8. Two-dimensional constellation diagrams of the proposed SO-8DTCM-16QAM signals in
four dimensions: (a) X-polarized signal constellation diagram of subcarrier 1. (b) Y-polarized signal

constellation diagram of subcarrier 1. (c) X-polarized signal constellation diagram of subcarrier 2.
(d) Y-polarized signal constellation diagram of subcarrier 2.

Simulations are performed at BTB and fiber lengths of 5 km, 20 km, and 30 km, respec-
tively. Due to the information redundancy in both the trellis coding as well as the subset
optimization part of the optimization scheme, the SE of the SO-8DTCM-16QAM scheme is
11 bit/s/Hz, while the SE of the conventional 8D-16QAM is 16 bit/s/Hz. Therefore, in order
to achieve the same efficiency in transmitting effective information, the SO-8DTCM-16QAM
with a transmission bandwidth of 20 GBaud is simulated and compared with conventional
8D-16QAM with a transmission bandwidth of 14 GBaud, at which time the net transmission
rate is 14 GBaud. In the range of SNR 13-25 dB, the BER simulation results are obtained as
in Figure 9.
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Figure 9. Performance comparison between proposed SO-8DTCM-16QAM and conventional 8D-
16QAM at BTB and 5/20/30 km transmission.

From Figure 9, it can be seen that the shorter the fiber length, the greater the perfor-
mance gain of the SO-8DTCM-16QAM scheme compared with the conventional 8D-16QAM
scheme. When the SNR reaches about 19.50 dB, the performance of the SO-8DTCM-16QAM
scheme will be better than that of the conventional 8D-16QAM scheme in all four transmis-
sion cases. And in a single transmission case, the SNR gain obtained by the SO-8DTCM-
16QAM scheme will increase rapidly when the SNR is further improved. Under the 7%
HD-FEC threshold, the SO-8DTCM-16QAM is able to obtain coding gains of 1.60 dB,
1.56 dB, 1.51 dB, and 1.33 dB compared with the 8D-16QAM for the four transmission sce-
narios, namely BTB, 5 km, 20 km, and 30 km, respectively. This indicates that the proposed
subset optimization scheme can meet the transmission requirements well and has more
excellent performance at high SNR under different transmission conditions. Meanwhile,
the performance of SO-8DTCM-16QAM is slightly lower than that of 8D-16QAM at low
SNRs of 13-18 dB, which is due to the fact that the convolutional coding in trellis coding
possesses a fixed error-correcting capability, and the output of the decoder will be flooded
with errors when the SNR is below a certain threshold. And as the length of the fiber
increases, the transmission is affected by the cumulative dispersion in the fiber, which also
leads to some degree of performance degradation.

After that, the simulation is performed at a net transmission rate of 28/42/56 GBaud.
The center frequency is set to 192.6 THz, the fiber length is 20 km, and the parameter
settings of the transmission system for both SO-8DTCM-16QAM and 8D-16QAM schemes
are shown in Table 4. In the range of 14-25 dB SNR, the BER simulation results are obtained
as in Figure 10.



Photonics 2024, 11, 584 13 of 17
Table 4. Parameter settings for SO-8DTCM-16QAM and 8D-16QAM schemes.
Scheme Parameter Comparison 1 Comparison 2 Comparison 3
Transmission
bandwidth (GBaud) 20 30 40
SO-8DTCM-16QAM  -aser center frequency 192,58 192.57 192,56
1 (THz)
Laser center frequency
2 (THz) 192.62 192.63 192.64
Transmission
bandwidth (GBaud) 14 21 28
8D-16QAM Laser center frequency 192.586 192.579 192.572
1 (THz)
Laser center frequency
2 (THz) 192.614 192.621 192.628
Net transmission rate 14 21 28
Fiber Length 20 km
T T T T "
—#%— 8DTCM-16QAM-SO (proposed), 14GBaud | ]
k ---©--8D-16QAM, 14GBaud
& 8DTCM-16QAM-SO (proposed), 21GBaud | |
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164 _ ’\Q\ \.&\ _
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Figure 10. Performance comparison between proposed SO-8DTCM-16QAM and conventional 8D-
16QAM at net transfer rates of 14/21/28 GBaud.

From Figure 10, it can be seen that the smaller the net transmission rate, the larger
the performance gain of the SO-8DTCM-16QAM scheme compared with the conventional
8D-16QAM scheme. When the SNR reaches about 21 dB, the performance of the SO-
8DTCM-16QAM scheme at all three net transmission rates will be better than that of
the conventional 8D-16QAM scheme. And at a single net transmission rate, the SNR
gain obtained by the SO-8DTCM-16QAM scheme will increase rapidly when the SNR is
further increased. Under the 7% HD-FEC threshold, the SO-8DTCM-16QAM signals obtain
SNR gains of 1.86 dB, 1.75 dB, and 1.22 dB compared with the 8D-16QAM signals at net
transmission rates of 14 GBaud, 21 GBaud, and 28 GBaud, respectively. This indicates that
the proposed subset optimization scheme can meet the transmission requirements well and
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has more excellent performance at high SNR for different net transmission rates. Similar
to the simulation results at different fiber lengths, as the net transmission rate increases,
the cumulative dispersion in the fiber increases, which has a greater impact on the accuracy
of the Euclidean distance judgment of the convolutional decoding at the demodulation
end, and the gain obtained by the optimization scheme will be reduced by a small amount.

The subset optimization method is used to construct higher-order 8D trellis-coded
quadrature amplitude modulation signals, which can achieve better system transmission
performance compared with the conventional 8D format. The BER performance of the con-
ventional 8D-16/32/64QAM, the unoptimized 8DTCM-16/32/64QAM, and the proposed
SO-8DTCM-16/32/64QAM are analyzed and compared under a fiber length of 20 km.
The 2D constellation diagram of SO-8DTCM-16/32/64QAM in one of the 2D dimensions
at an SNR of 20 dB is shown in Figure 11. The BER simulation results for nine signals in the
range of SNR of 14-40 dB are shown in Figure 12.

0 Al .
4 5 -7 -6 -5-4-3-2-10 1 2 3 4 5 6 7 -9 -7 -5 -3 -1 1 3 5 7 9

(b) (©)

Figure 11. Two-dimensional constellation diagram for SO-8DTCM-QAM in one of the 2D dimensions:
(a) Two-dimensional constellation diagram for SO-8DTCM-16QAM in one of the 2D dimensions.
(b) Two-dimensional constellation diagram for SO-8DTCM-32QAM in one of the 2D dimensions.
(c) Two-dimensional constellation diagram for SO-8DTCM-64QAM in one of the 2D dimensions.
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Figure 12. BER performance of conventional 8D-16/32/64QAM, unoptimized S8DTCM-

16/32/64QAM, and proposed SO-8DTCM-16/32/64QAM.
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From Figure 12, it can be seen that the performance of conventional 8D-QAM, unopti-
mized 8DTCM-QAM, and SO-8DTCM-QAM are all better when the order is smaller and
the constellation points are fewer. The slightly better BER performance of 8D-QAM than
unoptimized DTCM-QAM and SO-8DTCM-QAM at a single order when the SNR is low
is due to the fact that the information redundancy of the convolutional coding in the trellis
coding causes it to be swamped by the noise at lower SNR, and it is not able to decode well.
When the SNR is increased, the SNR gain obtained by the SO-8DTCM-16QAM scheme and
the unoptimized DTCM-QAM scheme will increase rapidly, and their BER performance
will exceed that of the conventional 8D-QAM scheme.

At a 7% HD-FEC threshold, the SO-8DTCM-16/32/64QAM scheme achieves 1.27 dB,
0.80 dB, and 1.24 dB SNR gains over the unoptimized 8DTCM-16/32/64QAM scheme,
respectively. The SO-8DTCM-16/32/64QAM scheme achieves 1.86 dB, 1.36 dB, and 3.66 dB
SNR gains over the conventional 8D-16/32/64QAM scheme, respectively. The gain of
SO-8DTCM-QAM over the unoptimized 8DTCM-QAM signal comes from the increased
Euclidean distance of the low-dimensional constellation points due to subset optimization,
and the elimination of neighboring 4D combinations effectively reduces the probability
of misclassification as a neighboring 2D subset. The lower gain obtained by trellis coding
at 32QAM is due to the fact that the points at the edges of the constellation are not well
reproduced when the not completely square constellations are optimized in the DSP module.
The 8D-32QAM also suffers from this effect, making its performance lower than that of the
8D-64QAM with square constellations at a low SNR of 14-18 dB.

At 64QAM, compared with the conventional 8D-QAM signal, the most significant gain
of the SO-8DTCM-QAM compared with conventional 8D-QAM signals is due to the fact
that conventional 8D-QAM signals are encoded with each path independent of each other
and hard judgments are used for decoding, whereas trellis coding encodes the constellations
in different dimensions in correlation with each other, and soft demodulation based on
the Euclidean distance is used for decoding. Especially at higher-order constellations,
the likelihood of misclassification to other constellation points increases in conventional
coding. In trellis coding, however, the subset division increases the Euclidean distance
between constellation points, and at the same time, the use of Viterbi soft decoding with
multiple dimensional interconnections can greatly reduce this misclassification probability
due to the increase in constellation points. Overall, the proposed subset optimization
scheme can meet the transmission requirements well and has optimal performance at high
SNRs of different orders.

4. Conclusions

In this paper, the proposed subset-optimized eight-dimensional trellis-coded quadra-
ture amplitude modulation format for higher-order constellations is verified to have excel-
lent performance in terms of BER performance and decoding complexity through theoreti-
cal analysis and numerical simulation. The simulation results show that the SO-8DTCM-
16QAM achieves SNR gains of 1.60 dB, 1.56 dB, 1.51 dB, and 1.33 dB at a 7% HD-FEC thresh-
old, respectively, compared with the conventional 8D-16QAM signals when performing
BTB, as well as 5/20/30 km optical signal transmission. The SNR gains are 1.86 dB, 1.75 dB,
and 1.22 dB at 14/21/28 GBaud net transmission rates, respectively. In addition, for differ-
ent modulation orders, SO-8DTCM-16/32/64QAM obtains 1.27 dB, 0.80 dB, and 1.24 dB
gains compared with unoptimized 8DTCM-16/32/64QAM, respectively. The optimized
eight-subset SDTCM-QAM scheme reduces the complexity of decoding computation in the
subset selection part by 93.75% compared with the unoptimized eight-subset SDTCM-QAM
scheme and reduces the complexity of decoding computation in the constellation point
selection part by 50% compared with the unoptimized four-subset SDTCM-QAM scheme.
It can be seen that the proposed scheme optimizes the transmission performance of the
high-speed optical communication system with a higher tolerance to noise, which leads
to the improvement of the BER performance of its receive demodulation under different
transmission conditions. At the same time, it reduces the complexity of decoding and
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facilitates integration, which has considerable practical application value. The proposed
SO-8DTCM-16QAM scheme shows some limitations in the lower SNR region due to the
fact that the convolutional coding in trellis coding has a fixed error correction capability.
In real-world ultra-long-distance and ultra-high-speed optical communication systems,
adaptive modulation and coding (AMC) can be used in order to solve this problem. By ad-
justing the modulation and coding rate of channel transmission, the quality of information
transmission is ensured while maximizing the transmission rate. When the channel quality
is poor, i.e., the SNR is low, the conventional 8D modulation scheme with a small order
is selected. When the channel quality is good, i.e., the SNR is high, the SO-SDTCM-QAM
scheme with a large order is selected.
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The following abbreviations are used in this manuscript:
BER bit error rate
SO-8DTCM-QAM  subset-optimized 8-dimensional trellis-coded quadrature amplitude modulation
SNR signal-to-noise ratio
TCM trellis-coded modulation
SE spectral efficiency
HD-FEC hard decision forward error correction
SSFM standard single-mode fiber
MZM Mach-Zehnder Modulator
EDFA erbium-doped fiber amplifier
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