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Trellis-Coded Modulation-Enabled Probabilistic
Shaping With Simplified Viterbi Decoder for
Bandwidth-Limited IMDD Systems

Han Cui”, Zhongliang Sun

Abstract—1In this article, trellis-coded modulation-enabled prob-
abilistic shaping (TEPS) scheme with a simplified Viterbi decoder
is proposed. Trellis-coded modulation (TCM) is embedded in the
probabilistic shaping (PS) technique to improve the performance
of PS signals in bandwidth-limited intensity modulation and di-
rect detection (IMDD) systems. Further, to reduce the calculation
complexity of TCM decoding, the constellation partition decision-
assisted (CPDA)-Viterbi decoder is proposed which decides the
received signal before decoding to reduce the branches. To verify
the performance of the proposed scheme, a 32-GBaud TEPS-four-
level pulse-amplitude modulation (PAM4) experimental system
with 10G-class O-band directly-modulated laser (DML) is built
over a 20-km standard single-mode fiber (SSMF) transmission link.
The experimental results show that TEPS-PAM4 achieved up to
1.80-dB higher receiver sensitivity than PS-PAM4 at 7% forward
error correction (FEC) limit with the same net rate. Moreover,
with the multiplications reduced by up to 45.7% compared with
the Viterbi decoder, TEPS-PAM4 with CPDA-Viterbi decoder has
up to 1.50-dB higher receiver sensitivity limit than PS-PAM4 at 7%
FEC.

Index Terms—Probabilistic shaping, trellis-coded modulation,
bandwidth-limited, IMDD system, Viterbi decoder.

1. INTRODUCTION

HE rapid development of bandwidth-hungry applications
T such as cloud computing, multimedia services, social net-
working and high-definition (HD) video drive the capacities of
optical fiber communication systems to higher and higher [1],
[2], [3]. In short-reach transmission scenarios, coherent trans-
mission systems are widely discussed because of their high
capacity availability, which can meet the increasing demand
for capacity growth [4], [5]. However, due to their high cost
and power consumption, they are currently not applicable in
cost-sensitive scenarios [6]. In contrast, intensity modulation
and direct detection (IMDD) is generally adopted for short-reach
optical transmission due to its low cost, low power consumption
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and low complexity [7], [8]. In addition, the directly-modulated
laser (DML) is preferable to further reduce cost per bit thanks
to its low cost, small footprint, relatively low drive voltage, and
high optical output power [9], [10], [11]. The bandwidth of a
low-cost DML is usually narrow, and other cost-effective opto-
electronics can also result in limited system bandwidth, making
it challenging to further increase the information rate [12], [13].
In the IMDD system, different modulation and coding schemes
have different characteristics and advantages [14], [15], [16]. For
example, high-order modulation formats are more spectrally ef-
ficient than low-order modulation formats. However, their noise
immunity is not as good as low-order modulation schemes. In
addition, coding schemes can improve bandwidth utilization by
compressing the signal spectrum, such as the non-linear differ-
ential coding scheme [17], [18]. However, severe inter-symbol
interference (IS]) is introduced. By adopting suitable modulation
and coding schemes, higher data transmission rates and im-
proved signal quality can be achieved under limited bandwidth
conditions. Therefore, for the bandwidth limitation of the IMDD
optical fiber communication system, it is very important to study
the appropriate modulation and coding scheme to overcome the
bandwidth limitation and improve the system performance.
Probabilistic shaping (PS) techniques have been incorporated
into optical transmission systems in order to reduce the gap
between capacity and the Shannon limit [19]. In additive white
Gaussian noise (AWGN) channels, the PS can provide a maxi-
mum theoretical shaping gain of 1.53 dB [20]. The probabilistic
amplitude shaping (PAS) architecture is proposed in which the
distribution matcher (DM) and forward error correction (FEC)
code are combined [21]. The DM is responsible for generating
amplitudes with a probability distribution, while the uniformly
distributed parity bits of FEC coding are used as sign bits which
ensure that they will not affect the probability distribution of
the signal. In recent years, the application of PS technology
in IMDD systems has become a hot research topic, one of the
reasons being that PS signals allow for more flexible adjustment
of system rates. The proposed flexible rate adjustment scheme
can be divided into multi-carrier schemes [22] and single-carrier
schemes. In the single-carrier scheme, the rate can be adjusted
by PS technology which could jointly adjust entropy and FEC
code rate, and a net transmission rate from 86.7 Gbit/s to 36.65
Gbit/s is achieved [23]. Another advantage of PS technology
is that it can improve receiver sensitivity. There are results that
show that the PS-PAM4 signal is significantly better than the
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ordinary PAM4 signal in improving signal transmission rate
and the tolerance to the bandwidth limitation [24]. The results
also confirm that if the system bandwidth is limited, PS can
provide a considerable shaping gain, which may result in a large
peak-to-average power ratio (PAPR) [25], [26]. However, for
limited-budget IMDD systems with strict bandwidth limitations
which lead to more severe channel degradation, there is still
room for improvement in PS signal performance.

Furthermore, trellis-coded modulation (TCM) is a power-
ful modulation scheme, which can achieve significant coding
gain and robust error correction with relatively simple coding
by combining coding and modulation [27], [28], [29]. TCM
was first proposed by G. Ungerboeck in 1982 [30], and it
has been investigated in optical transmission systems due to
excellent error correction [31], [32], [33], [34], [35]. Compared
to PAM4, 2D-TCM-PAM4 can provide about 2.8 dB gain over
40-km standard single-mode fiber (SSMF) transmission [31].
The 2D-TCM-PAMS was used in an experimental demonstration
of a 50-Gb/s PON system based on 10G-class O-band DML.
Compared to PAMG, the receiver sensitivity of 2D-TCM-PAMS8
is improved by 1.1 dB over 20-km transmission [32]. Addition-
ally, the Viterbi decoder is required at the receiver. However,
the complexity of the Viterbi decoding algorithm is high. In
addition, the integration of PS and TCM technologies presents
an attractive potential for improving spectral efficiency and bit
error performance. It is worth noting that there has been pio-
neering related research in both voice-band modems and digital
subscriber line (DSL) electrical communication systems [36],
[37]. In voice-band modems electrical communication systems,
the scheme of combining PS and TCM is proposed, in which
PS is implemented by a Shell mapper [36]. In DSL electrical
communication systems, PS technology is combined with low
density parity check-coded modulation (LCM), where LCM is
based on set partitioning like TCM [37]. The importance of the
above two schemes cannot be overstated as they offer feasible
approaches for the integration of PS and TCM. However, the
above schemes are all applied to pure electrical transmission
systems. The research and implementation of the integration of
PS with TCM in IMDD optical fiber transmission systems is still
an unexplored field.

In order to improve the tolerance of PS-PAM signal to band-
width limitation in IMDD optical fiber transmission systems,
TCM enabled PS (TEPS) scheme is proposed in this article.
Further, the constellation partition decision-assisted (CPDA)-
Viterbi decoder is proposed to reduce the calculation complexity
of decoding. We demonstrated a 32-GBaud TEPS-PAM4 IMDD
optical system with 10G-class O-band DML over 20-km SSMF
transmission. The main contributions of this article are:

® We propose the TEPS scheme based on probabilistic ampli-

tude shaping (PAS) architecture for improving the perfor-
mance of PS signals in bandwidth-limited IMDD systems.
The experimental results show that TEPS-PAM4 has up to
1.80-dB higher receiver sensitivity than PS-PAM4 at 7%
forward error correction (FEC) limit with the same net rate.
® In order to reduce the computational complexity of the
TEPS scheme, we further propose the constellation par-
tition decision-assisted (CPDA)-Viterbi decoder which
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Fig.1. Schematic diagram of subset partitioning of TEPS-PAM4. (a) Probabil-
ity distribution of TEPS-PAM4 signal; (b) Two-dimensional schematic diagram
of TEPS-PAM4 signal.

decides the received signal before decoding to reduce
the branches. The experimental results show that with
up to 45.7% reduction of multiplications compared with
the Viterbi decoder, TEPS with CPDA-Viterbi decoder
(TEPS-PAM4-CPDA) has up to 1.50-dB higher receiver
sensitivity than PS-PAM4 at 7% FEC limit with the same
net rate.

The rest of the article is organized as follows. In Section II, we
describe in detail the structure and principles of TEPS-PAM4
and CPDA-Viterbi decoder. In Section III, the experimental
setups are described and the experimental results are discussed.
Then, the article is summarised in Section IV.

II. PRINCIPLE

A. The Principle and Structure of TEPS-PAM4

Different from the traditional PS signal generation process,
the TEPS scheme needs the subset partitioning first as shown in
Fig. 1. The probability distribution of TEPS-PAM4 is shown in
Fig. 1(a). In the subset partitioning, 16-point rectangular constel-
lations are partitioned into two subsets with alternating points
allocated to each subset. Assume that the minimum Euclidean
distance between points is d before the set partitioning. After
one subset partition, two subsets are obtained and the minimum
Euclidean distance between points in each subset increases
from d to v/2d. By another subset partitioning, the minimum
Euclidean distance between points in each subset increases
further from v/2d to 2d and 4 subsets are obtained as C, C1, Cs
and Cj.

Additionally, to be compatible with the probability impact
caused by the subset partition, it is necessary to convert the
probability of the transmitted signal and the signal in the subset.
Taking subset C'y as an example, there are four signal points as
Ny, N, N3 and N, and the corresponding probabilities are Py,
Ps, P, and Ps, as shown in Fig. 2(b). If the probabilities of each
amplitude of the TEPS-PAM4 signal are P,, P, P, and P, as
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Fig. 2. Schematic diagram of the probabilities distribution of (a) PS-PAM4

and (b) four points in the subset Cs.

shown in Fig. 2(a), the Py, P», P53 and the probability of each
subset can be calculated as

P, = P2 (1)

Py =P, % P, )

Py = P2 3)

P+ P+ P+ Py=1/4. 4)

With (1)-(3) and P, + P, = % (4) can be deduced which rep-
resents each subset has equal probability in the TEPS-PAM4
scheme.

The architecture of the TEPS-PAM4 scheme is shown in
Fig.3(a). The coreideais to integrate TCM into the PAS architec-
ture to improve the bandwidth limit tolerance without affecting
the distribution of PS signals. After converting the probability
of the transmitted TEPS-PAM4 signal to the probability of the
signal points within each subset, amplitudes with the calculated
probability distribution could be generated by a constant compo-
sition distribution matching (CCDM) [38]. Then, the amplitudes
with a probability distribution are transmitted to bits by a Sym2 b
operation to input into the FEC encoder [21].

The A bits which are not input into the CCDM encoding are
uniform distribution and they are straightly input to the FEC
encoder. After FEC encoding, the parity bits 1 — A are combined
with the A bits as b3 which ensures that the probabilities of b; and
by are not distorted. For a detailed introduction to PAS, please
refer to ref [21]. After a convolutional encoder with the input
of b3, the redundant bit b, is obtained. It is worth noting that
in this case b; and bs have a probability distribution, while b3
and by are uniformly distributed. Since each subset has an equal
probability, bs and b4 can determine the subset. The b; and by can
select the point from the chosen subset. The real part X; and
the imaginary part X5 of the selected two-dimensional point
X1 4 17 x X are transmitted as symbols of two-time slots. As
a result, the mapping process of TEPS-PAM4 in this article can
be summarized as shown in Table I. The different colors in the
table represent different subsets.

The convolutional encoder which is a 4-state system encoder
is shown in Fig. 3(b). The trellis diagram of the convolutional
code is shown in Fig. 3(c), where the solid line indicates the
input bit is 1 and the dashed line indicates the input bit is 0. It
should be emphasized that the TEPS scheme does not lead to
signal spectrum shaping. The enhanced bandwidth tolerance of
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TABLE I
MAPPING PROCESS OF TEPS-PAM4

X, +1ixX, b,b,b;b, X, +1ixX, byb,b;b,
—3+1ix3 0000 3—1ix3 0010
1-1i 1000 —1+1i 1010
1+1ix3 0100 —1-1ix3 0110
—-3-1i 1100 3+1i 1110
3+1ix3 0001 —3-1ix3 0011
—1-1i 1001 1+1i 1011
3-1i 0101 —3+1i 0111
—I+1ix3 1101 1-1ix3 1111

this scheme relies on the embedded TCM, which improved the
robustness of signal error correction.
The net rate of the PS-PAM signal can be expressed as

IRps—panm = H — (1 — Rfec) xm ©)

where the H is the entropy of the signal which can be adjusted,
the Ry.. is the code rate of the FEC encoder, and the m denotes
the bits per symbol. However, for the TEPS-PAM4 signal, there
is a convolutional encoder in addition to the FEC encoder. Thus,
the net rate of the TEPS-PAM4 should be

IRTEPSfPAM =H — (1 - Rfec * Rcon) *m (6)

where the R.,, is the overall code rate of the convolutional
encoder which is 3/4 in this article.

In a bandwidth-limited system, the received signal suffers
from mainly two kinds of system impairments: high-frequency
fading caused by device bandwidth limitation and AWGN of
the system. Fig. 4(a) and (c) show the frequency spectrum
of the received signal and the system AWGN, respectively.
Ideally, in order to fully compensate for channel impairments,
the frequency response of the equalizer should be the inverse of
the channel response. Fig. 4(e) shows the frequency response of
the equalizer, which enhances the fading portion of the signal
spectrum. After the equalizer, the high-frequency part of the
received signal is basically not attenuated as shown in Fig. 4(b),
and the distortion of the signal is compensated. However, the
high-frequency part of the AWGN is also amplified, leading it to
transition from white noise to colored noise as shown in Fig. 4(d).
The current methods of embedding prior information into PS
signals are primarily based on the AWGN channel. However,
direct utilization of AWGN-based models in bandwidth-limited
channels will lead to performance degradation. Although it
is crucial to determine the introduction of prior information
in bandwidth-limited channels, the solution remains elusive.
Therefore, in this article, the incorporation of prior information
in the experiment and computational complexity is abandoned.

B. The Principle of CPDA-Viterbi Decoder

The Viterbi decoder is needed in the receiver in the TEPS
scheme due to combining with TCM. The process could be
divided into two steps. In the first step, subset decoding is
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(c) The trellis diagram of the code generated by the convolutional encoder.
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of the signal (a) before the channel equalization and (b) after the channel
equalization; Spectrum diagram of the noise (c) before the channel equalization
and (d) after the channel equalization; (e) Schematic diagram of the frequency
response of an adaptive filter.

performed. Each branch in the trellis corresponds to a subset,
and the point in each subset that is closest to the receiving point
is decided. In the second step, the squared distance metric of
the point selected in the first step is used to calculate the corre-
sponding branch of the Viterbi decoding, aiming to determine
the signal path through the trellis [39].

The branch of the Viterbi algorithm of TCM can be calculated
as [40]:

B¢, = min |ry — P7J? (7

where the B, is the branch whose output is subset C;, the 7 is
the received signal at time ¢, and the P,i] is the jth constellation
point belongs in the subset C;. In this article, a convolutional
code with a code rate of 1/2 and a memory length of 2 is adopted.
16 points are divided into 4 subsets, with each subset containing
4 points. When calculating the branch metric value of a time slot,
different branch metric values may represent the same subset,
and there are 4 different subsets in total. When calculating branch
metrics, a received signal is calculated with up to 16 points.
Moreover, when 16 points are arranged in a square formation,
some repetitive calculations can be removed. As a result, the
calculation of the branch metric requires 8 multiplications,
24 additions, and 12 comparisons of the minimum operation
(3 for each of the 4 subsets). After calculating the branch metric,

Block diagram of the TEPS-PAM4 scheme. (a) The architecture of the TEPS-PAM4 scheme; (b) The architecture of the convolutional encoder;

it is necessary to add the branch metric and the path metric,
so 8 additions are required. The sum of the branch metric and
the path metric to reach each state needs to be compared and
selected once, so a total of 4 comparisons and 4 selections are
required. In other scenarios, suppose the memory length of the
convolutional code is L. The complexity of the branch metric
remains unchanged, as the 2D-PAM4 still comprises 16 points.
The convolutional encoder adopted in this article has an input
length of 1. Thus, regardless of the value of L, only two branches
lead to a state in the trellis diagram. But the addition calculation
brought by the addition of path metrics and branch metrics will
change to 2571, and the comparison and selection will change to
2L Evenif repeated calculations are removed, the computational
complexity of the Viterbi decoder is still high.

To address the high complexity of the Viterbi decoder, we
propose the CPDA-Viterbi decoder to reduce the computational
burden. As shown in Fig. 5(a), the entire constellation area
is divided into several small regions, which can be divided
into three categories: 1) constellation points within them are
directly decided as belonging to one subset, 2) constellation
points within them are considered to belong to only two subsets,
and 3) constellation points within them may belong to any of
the subsets. The detailed schematic diagram inside the grey
dotted box in Fig. 5(a) is shown in Fig. 5(b). In Fig. 5(b),
the square constellation point, the round constellation point, the
triangular constellation point and the star-shaped constellation
point belong to subset Cp, C1, Co and C5 respectively. If the
received signal at time ¢ exists in the pink shaded region H,
it is decided to belong to the subset Cj. In this case, only the
branches of the subset Cy need to be calculated, so the trellis
diagram will change from Figs. 3(c) to 6(a). Similarly, if the
received signal at time ¢ exists in the pink shaded region H,,
Hy and Hs, it is decided to belong to the subset C7, Co and
Cj, respectively. At the same time, the branches of the trellis
of the corresponding subset need to be calculated as shown
in Figs. 6(b)-(d). If the received signal at time ¢ exists in the
blue shaded region Ry, it may belong to any subset since the
distances between each subset are similar, so the trellis is as
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same as that of the Viterbi decoder. However, if the received
signal exists in the blue-shaded region Ry, it is more likely to
belong to the subset Cy and C; because the distances to these
subsets are closer than the distances to the subset Cy and C's.
In this case, only the branches of the subset Cy and C need
to be calculated, so the trellis diagram will change to Fig. 6(e).
If the received signal exists in the blue-shaded region R, it is
more likely to belong to the subset C; and (', and the trellis
will turn as shown in Fig. 6(f). If the received signal exists in the
blue-shaded region Rj, the trellis will become Fig. 6(g) since
it is more likely to belong to the subset C'y and C'5. Similarly,
the received signal is more likely to belong to the subset C's and
Cy if it exists in the blue-shaded region R3, and the trellis will
turn as shown in Fig. 6(h). The thresholds are —2 + £, 0+ 2,
and 2 + %, and the D requires a trade-off between computa-
tional complexity and performance. It is worth noting that the
simplification of the trellis at the receiver is only to reduce the
complexity of decoding, and has no effect on the encoding at the
transmitter.

After the signal is decided by the decider, the trellis for the
CPDA-Viterbi decoder is simplified so that the computational
complexity can be reduced. As shown in Fig. 5(b), the received
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Schematic diagram of the decider in CPDA-Viterbi decoder. (a) Overall diagram of the decider; (b) Details inside the grey dotted line box in (a).
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Schematic diagrams of simplified trellis for the received TEPS-PAM4 signal within the area (a) Ho; (b) H1; (c) Ho; (d) H3; (e) Ry; (f) Ra; (g) R3; and

signal is divided into three regions: H region, R region, and R
region. When the signal is in the H region, it is considered
to belong to only a certain subset. Thus, when calculating
the branch metric, only 4 multiplications, 8 additions, and 3
comparisons are required. After the branch metric is calculated,
adding the branch metric to the path metric requires 2 additions
where L = 2, which are 2L~ additions in more general. No
comparison and selection between branches is required because
of the simplified trellis. When the signal is in the R region, it is
considered to belong to certain two subsets. Thus, when calculat-
ing the branch metric, only 6 multiplications, 14 additions, and 6
comparisons are required. After the branch metric is calculated,
adding the branch metric to the path metric requires 4 additions
where L = 2, which are 2© additions more generally, and no
comparison and selection between branches is required. When
the signal is in the %y region, the calculation of the complexity
is the same as that of the Viterbi decoder. Additionally, for
the CPDA-Viterbi decoder, the computational complexity in the
decider needs to be considered. There are 12 thresholds in the
decider, where 6 thresholds are used for the real part of the signal
and the other 6 thresholds are used for the imaginary part of the
signal. The bisection method is used to decide the signal in this
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TABLE II
COMPLEXITY COMPARISON WITH VITERBI DECODER

Viterbi Decoder

CPDA-Viterbi Decoder

Number of multiplications 8

Number of additions 36 + 2012
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Fig. 7. Influence of different Q ry and Q) g on overall complexity when L is 2.
(a) The number of the multiplications; (b) The number of the additions.

article, so the real part and the imaginary part need at most 3
comparisons and 2 selections respectively.

Suppose Q i, @ r, and Q) r, represent the ratio of the number
of signals within the region H, region R, and region R, respec-
tively. These ratios are related to the distance D between the
threshold values in the decider. Since the sum of Qp, Q g, and
Qr, is 1, the Q g, can be represented by () 7 and () g, as shown
in 8. After derivation, the complexity comparison between the
CPDA-Viterbi decoder and the Viterbi decoder is shown in
Table II. It is worth noting that the complexity of comparison,
selection, addition and subtraction is the same [41], [42], so these
operations are included in addition operations when analyzing
the complexity. In this article, L is set to 2. By changing ) ;7 and
@R, Table II can be visualized as shown in Fig. 7 for a clearer
comparison. Specifically, Fig. 7(a) illustrates the change in the
number of multiplications in which the pentagram indicates
that the number of multiplications for the Viterbi decoder is
8, and Fig. 7(b) depicts the change in the number of additions
in which the pentagram indicates that the number of additions
for the Viterbi decoder is 52. When both Q) 5 and Q) i are 0, the
CPDA-Viterbi decoder has the largest number of multiplications
and additions, with a maximum value of 8 and 62, respectively.
The maximum number of additions is greater than that of the
Viterbi decoder because of the complexity of the decider. When
Qp is 1 and QR is 0, the CPDA-Viterbi decoder has the smallest
number of multiplications and additions, with a minimum value
of 4 and 13, respectively.

Qr, =1-Qn —Qr (8)

III. EXPERIMENTAL SETUPS AND RESULTS

Fig. 8 depicts the experimental setups of a 32-GBaud IMDD
system with a 10G-class O-band DML over 20-km SSMF
transmission, which is used to evaluate the performance of the
proposed scheme. The probability statistics of TEPS-PAM4 with
the entropy of 1.9 b/symbol are shown in Fig. 8(a), and the

TABLE III
ENTROPIES AND NET RATES OF THE TRANSMITTED SIGNAL AT THE BAUD
RATE OF 32 GBAUD WITH 7% OVERHEAD FEC

Net rate (bit/s) 41.6 384 352

Entropy of TEPS-PAM4 (bit/symbol) 1.9 1.8 1.7

Entropy of PS-PAM4 (bit/symbol) 143 133 1.23

horizontal axes represent the amplitude in the electrical domain
or the intensity in the optical domain, respectively. In the optical
domain, the light intensity cannot be negative. Fig. 9 shows the
mathematical model diagram of the transmitter of the IMDD
optical transmission system. The digital bipolar real signal S(k)
is generated by digital signal processing at the transmitter, and
S(k) includes positive and negative values. After digital-analog
conversion (D/A), the digital bipolar real signal S(k) is con-
verted to an analog electrical signal S(t). Since the information
in the intensity modulation system is transmitted through the
light intensity, the electrical signal to be sent needs to be a
non-negative real signal, so a DC bias needs to be added before
the electro-optical conversion (E/O) to ensure that the signal is
a non-negative real value. Then, the non-negative real electrical
signal is modulated on the optical carrier to obtain the light
signal O(t) by E/O. The amplitude in Fig. 8(a) is corresponding
to the digital bipolar real signal S(k), and the light intensity
is corresponding to the optical intensity signal O(t). Fig. 8(b)
shows the eye diagram of TEPS-PAM4 with the entropy of
1.9 b/symbol at the received optical power (ROP) of —11 dBm.
For a fair comparison, the net rate of PS-PAM4 and TEPS-PAM4
should be equal. In this article, the overhead of FEC is 7%,
and the overall code rate of the convolutional code used in the
TEPS-PAM4 scheme is 3/4. Combining (5) and (6) yields that
the entropy of the TEPS-PAM4 signal should be greater by about
0.47 b/symbol than that of the PS-PAM4 signal to ensure that
the net rates of the two modulation schemes are equal. For a
clear illustration, the net rates and entropy values corresponding
to the three cases are summarized in Table III.

The digital TEPS-PAM4 and PS-PAM4 signals are generated
and pulse shaped by a root-raised cosine filter with a roll-off
factor of 0.1 at the transmitter. Then, the digital signal is fed
into a 64-GSa/s 8-bit digital-to-analog converter (DAC) with
3-dB bandwidth of 15-GHz to obtain an analog electrical signal.
The signal is amplified by an electrical amplifier (EA) and
then modulated directly by a DML with 10-GHz bandwidth
at the central wavelength of 1310 nm. For the wavelength of
1310 nm, the dispersion coefficient of optical fiber is close to
0 ps/(nm-km). Therefore, the impact of dispersion on the signal
can usually be ignored in the experimental system. Afterwards,
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VOA

Experimental setups of 32-GBaud IMDD system over 20-km SSMF with a 10G-class DML. (a) Symbol distribution of TEPS-PAM4 with the entropy of

1.9 b/symbol; (b) The eye diagram of the TEPS-PAM4 signal with the entropy of 1.9 b/symbol at the ROP of —11 dBm. DAC: Digital to analog converter; VOA:
Variable optical attenuator; PIN-TIA: PIN photodiode with an integrated trans-impedance amplifier; DPO: Digital phosphor oscilloscope.

TABLE IV
BANDWIDTH OF EACH DEVICE IN THE EXPERIMENTAL SETUPS OF THE 32-GBAUD TEPS-PAM4 SYSTEM

Device DAC EA DML PIN-TIA RTO
Bandwidth (GHz) 15 (3-dB) 25 (3-dB) 10 (3-dB) 35 (3-dB) 20 (Cut-off)
0 T T T T T T T T
¢ --=
_ 5/3GHz I W S ]
S
R (L e e T -
g 17.GHz
Fig. 9.. Mathematical model diagram of the transmitter of the IMDD optical - 15h
transmission system. 8
N
= 0f
the optical signal is fed into the 20-km SSMF with a launch E
power of 9.82 dBm. A variable optical attenuator (VOA) is -25¢
used to adjust the ROP at the receiver. The optical signal is
transformed into an electrical signal by a PIN photodiode pack- -300 2 "‘ é 8 1'0 1'2 1'4 ll6 8
aged with a trans-impedance amplifier (PIN-TTA). The obtained Frequency(GHz)
electrical signal is then digitized and stored by a 100-GSa/s 8-bit
digital phosphor oscilloscope (DPO) with 20-GHz bandwidth.  Fig. 10. Frequency response of the 32-GBaud TEPS-PAM4 system over

The bandwidth of each device in the experimental setups is
summarized as shown in Table IV, and the frequency response
of the experimental system is affected by all devices together
as shown in Fig. 10. The 3-dB bandwidth of the experimental
setups is about 3 GHz, and the 10-dB bandwidth is about
17 GHz. With the roll-off factor is 0.1, the bandwidth of the
32-GBaud signal is 17.8 GHz, thus the signal is subjected to
strict bandwidth limitation. The receiver DSP mainly includes
resampling, synchronization, channel equalization, demapper
for the PS-PAM4 signal, Viterbi decoder and CPDA-Viterbi
decoder for the TEPS-PAM4 signal, and bit error rate (BER)
calculation. To mitigate both linear and nonlinear distortions, the
polynomial nonlinear equalizer (PNLE) is adopted as channel

20-km SSMF transmission.

equalization [43], and the parameters of the PNLE are (71,3,0)
in this article.

Fig. 11 depicts the distance between the decision thresholds
D in the TEPS-PAM4-CPDA scheme verse the performance
at the ROP of —14 dBm with the entropy of 1.9 b/symbol,
1.8 b/symbol and 1.7 b/symbol. The left axis represents BER and
the right axis represents the multiplication complexity reduction
of the CPDA-Viterbi decoder compared with the Viterbi decoder
which can expressed as QTH + %. The horizontal axis is the
distance between the decision thresholds D, which determines
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BER performance comparison between the TEPS-PAM4 scheme, the TEPS-PAM4-CPDA scheme, and the PS-PAM4 scheme of 32-GBaud IMDD

system over 20-km SSMF with the TEPS-PAM4 entropy of (a) 1.9 b/symbol, (b) 1.8 b/symbol and (c) 1.7 b/symbol.

how many constellation points are directly decided and thus
affects the reduction in complexity and overall performance,
varying from O to 2 in steps of 0.1. As shown in Fig. 11, as
the D increases, the complexity reduction decreases, but the
change of performance is non-monotonic. In order to achieve
a trade-off between performance and complexity, D is set to
0.7 when the entropy is 1.7 b/symbol, and D is still set to 0.8
when the entropy is 1.8 b/symbol and 1.9 b/symbol. In theory, as
the entropy decreases, the optimal value of D should decrease.
However, in the experimental results, the relationship between
the optimal D value and the entropy is not clearly observed due
to the limited variation in entropy values and the fluctuations in
experimental data, which may obscure the trend of change.
Fig. 12 reveals the BER performance comparison between
the TEPS-PAM4 scheme, the TEPS-PAM4-CPDA scheme,
and the PS-PAM4 scheme of 32-GBaud IMDD system over
20-km SSMF. Under the same net rate conditions, the entropies
of the TEPS-PAM4 signal are 1.9 b/symbol, 1.8 b/symbol,
and 1.7 b/symbol, while the corresponding entropies of the
PS-PAM4 signal are 1.43 b/symbol, 1.33 b/symbol, and
1.23 b/symbol, respectively. When the entropy of the TEPS-
PAM4 signal is 1.9 b/symbol and the entropy of the PS-PAM4
signal is 1.43 b/symbol, the ROP verse BER is shown in
Fig. 12(a). The ROP of the TEPS-PAM4 scheme and the PS-
PAM4 scheme is —13.60 dBm and —11.80 dBm at the 7%
FEC limit, respectively. Therefore, compared with PS-PAM4,
the TEPS-PAM4 scheme achieves about 1.80-dB higher re-
ceiver sensitivity. With the low-complexity CPDA-Viterbi de-
coder, the ROP of the TEPS-PAM4-CPDA is —13.30 dBm
at the 7% FEC limit. Thus, the TEPS-PAM4-CPDA achieves

about 1.50-dB higher receiver sensitivity than the PS-PAM4
scheme. As the penalty of the reduced complexity, there is
a 0.30-dB ROP penalty of the TEPS-PAM4-CPDA compared
with the TEPS-PAM4 scheme which used the traditional Viterbi
decoder. The ROP verse BER with the TEPS-PAM4 signal
entropy of 1.8 b/symbol and the PS-PAM4 signal entropy of
1.33 b/symbol is shown in Fig. 12(b). Under these conditions,
the TEPS-PAM4 scheme has 0.90-dB higher receiver sensitivity
than PS-PAM4, and the TEPS-PAM4-CPDA scheme achieves
about 0.60-dB higher receiver sensitivity than PS-PAM4, since
the ROP of the TEPS-PAM4 scheme, the TEPS-PAM4-CPDA
scheme, and the PS-PAM4 scheme is —13.65dBm, —13.35dBm
and —12.75 dBm at the 7% FEC limit, respectively. The ROP
verse BER with the TEPS-PAM4 signal entropy of 1.7 b/symbol
and the PS-PAM4 signal entropy of 1.23 b/symbol is shown in
Fig. 12(c). At the 7% FEC limit, the ROPs of the TEPS-PAM4
scheme, the TEPS-PAM4-CPDA scheme, and the PS-PAM4
scheme are —13.70 dBm, —13.40 dBm and —12.80 dBm, re-
spectively. Therefore, compared with the PS-PAM4 scheme, the
TEPS-PAM4 scheme achieves about 0.90-dB higher receiver
sensitivity and the TEPS-PAM4-CPDA scheme achieves about
0.60-dB higher receiver sensitivity at the 7% FEC limit.

Fig. 13(a) and (b) respectively show the multiplication and
addition reduction of the CPDA-Viterbi decoder compared to
the Viterbi decoder with the entropy of TEPS-PAM4 signal of
1.9 b/symbol, 1.8 b/symbol, and 1.7 b/symbol. The complexity
reduction increases with the ROP, regardless of the entropy of
the TEPS-PAM4 signal. When the ROP is low, i.e. —15 dBm, the
constellation points of the received signal are blurred, making it
difficult to determine which subset the received signal belongs
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to. When the ROP is high, i.e. —11 dBm, the constellation points
of the received signal become clearer and easier to determine
which subset it belongs to. When the entropy of the TEPS-PAM4
signal is 1.9 b/symbol, the maximum multiplication reduction
and addition reduction are 44.6% and 50.8%, respectively. When
the TEPS-PAM4 signal entropy is 1.8 b/symbol, the maximum
multiplication reduction and addition reduction are 45.0% and
51.2%, respectively. With the TEPS-PAM4 signal entropy of
1.7 b/symbol, the maximum multiplication reduction and addi-
tion reduction are 45.7% and 51.9%, respectively. Therefore, the
experimental results prove that adopting CPDA-Viterbi decod-
ing instead of the Viterbi decoder algorithm can greatly reduce
computational complexity.

IV. CONCLUSION

In this article, the TEPS scheme with CPDA-Viterbi de-
coder is proposed for improving the performance of the PS
signals with low complexity in bandwidth-limited IMDD sys-
tems. The performance of the proposed scheme is verified on
a 32-GBaud IMDD optical transmission system over 20-km
SSMF with a 10G-class O-band DML. The experimental results
show that, when the entropies of TEPS-PAM4 are 1.9 b/symbol,
1.8 b/symbol, and 1.7 b/symbol, compared with the PS-PAM4
scheme, at the 7% FEC limit, the receiver sensitivity gains
of TEPS-PAM4 scheme are 1.80 dB, 0.90 dB, and 0.90 dB,
respectively. Moreover, by applying the proposed CPDA-Viterbi
decoder instead of the Viterbi decoder, the multiplication com-
plexity and addition complexity can be reduced by up to
45.7% and 51.9%, respectively. Compared with the PS-PAM4
scheme, when the entropies of TEPS-PAM4 are 1.9 b/symbol,
1.8 b/symbol, and 1.7 b/symbol, the TEPS-PAM4-CPDA
scheme could achieve about 1.50-dB, 0.60-dB, and 0.60-dB
higher receiver sensitivity, respectively. Therefore, the proposed
TEPS-PAM4-CPDA scheme shows great potential to realize
high-performance, low-cost bandwidth-limited IMDD systems.
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