
Research Article Vol. 31, No. 4 / 13 Feb 2023 / Optics Express 6956

Simplified LDPC-assisted CNC algorithm for
entropy-loaded discrete multi-tone in a 100G
flexible-rate PON
WENXUAN MO,1 JI ZHOU,1,2,* GENGCHEN LIU,3 YUANDA HUANG,3

LIANGCHUAN LI,3,5 HAN CUI,4 HAIDE WANG,1 QINGXIN LU,1

WEIPING LIU,1 AND CHANGYUAN YU2

1Department of Electronic Engineering, Jinan University, Guangzhou, 510632, China
2Department of Electronic and Information Engineering, The Hong Kong Polytechnic University, Hong
Kong, China
3Optical Research Department, Huawei Technologies, Dongguan, 523808, China
4State Key Laboratory of Information Photonics and Optical Communications, School of Information and
Communication Engineering, Beijing University of Posts and Telecommunications, Beijing, 100876, China
5liliangchuan@huawei.com
*zhouji@jnu.edu.cn

Abstract: Passive optical networks (PONs) have been widely used in optical access networks
to meet the requirement of the rapidly growing data traffic. However, the optical power budget of
the worst optical network unit certainly limits the maximum capacity of PON. In this paper, we
demonstrate a flexible-rate PON based on entropy-loaded clipping discrete multi-tone (DMT)
for increasing the capacity. Meanwhile, clipping operation and simplified low-density parity-
check (LDPC) assisted clipping-noise-cancellation (CNC) algorithm are proposed to improve
the performance of DMT in peak-power constrained PON. In the simplified LDPC-assisted
CNC algorithm, the iteration number of the sum-product algorithm in the LDPC decoding can
be reduced to decrease the computational complexity almost without performance loss. The
experimental results show that the simplified CNC algorithm can achieve approximately 1.8dB
improvement of the optical receiver sensitivity at the 20% soft-decision forward-error-correction
limit. The proposed flexible-rate PON has a wide-range data-rate adjustment from 12.5Gb/s to
100Gb/s under the optical power budget from 40dB to 26dB.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Intensity modulation and direct detection (IM/DD) system is widely used in short-distance optical
communication scenarios such as passive optical networks (PONs) as it features the advantages
of low cost, low power consumption, and high reliability [1–3]. To meet the requirement of
the rapidly growing data traffic, PONs have been widely used in optical access networks [4–6].
However, the maximum data rate of PON is limited by the optical power budget of the worst
optical network unit (ONU). Although the digital signal process (DSP) is employed in the 50
Gb/s PON to increase the optical power budget, it is still on the brink of a 31dB optical power
budget for meeting the requirement of the whole ONUs [7–10]. Moreover, as the optical power
budget of the worst ONU certainly limits the maximum capacity of PON [11–13], flexible-rate
data should be delivered to match the optical power budget of each ONU to increase the capacity.

A new 100 Gb/s fine-granularity flexible-rate PON based on adaptive-bit-and-power-loaded
discrete multi-tone (ABPL-DMT) is proposed to implement a fine-granularity flexible-rate
adjustment of the data rate in our previous work [14]. Compared with the ABPL-DMT, the
entropy-loaded DMT with probabilistic constellation shaping (PCS) technology regulates the
uniform quadrature-amplitude modulation (QAM) formats to PCS-QAM with approximate
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Gaussian distribution, the flexible rate adaptation can be realized by adjusting the shaping
entropy of the signals, which can provide more granular and flexible-rate adjustment [15–18].
However, the DMT signal suffers from a systematic problem of a high peak-to-average power
ratio (PAPR) compared to the single-carrier signal [19–21]. High PAPR results in low average
power of the transmitted signal, leading to a low signal-to-noise ratio (SNR) of the received
signal in peak-power constrained PON. Many PAPR reduction methods have been researched,
such as partial transmit sequence, tone reservation, active constellation extension, and clipping
[22–25]. Among such PAPR reduction methods, clipping is a straightforward and commonly-used
method to reduce the PAPR for DMT signal [26–29]. However, clipping the peak of the DMT
signal introduces the clipping noise simultaneously, which causes the degradation of system
performance.

In our previous works, an effective low-density parity-check assisted clipping-noise-cancellation
(LDPC-assisted CNC) algorithm is proposed to eliminate the impact of clipping noise [30–32].
In such an LDPC-assisted CNC algorithm, the sum-product algorithm (SPA) with a large iteration
number is adopted in the LDPC decoder to correct the error bits for estimating an accurate clipping
noise. However, the multiple iteration processes in the LDPC decoder increase the computational
complexity of the CNC algorithm. In this paper, we proposed a simplified LDPC-assisted CNC
algorithm for the entropy-loaded DMT system, in which the iteration number of the SPA in
the LDPC decoding can be reduced to decrease the computational complexity almost without
performance loss. The main contributions of this paper are:

• The simplified CNC algorithm is proposed for the entropy-loaded clipping DMT in
flexible-rate PON, which can estimate and eliminate the accurate clipping noise to improve
the optical power budget. A segment LDPC decoder with adaptive adjustment of iteration
is proposed for reducing the computational complexity of the CNC algorithm.

• We set up an experiment of the entropy-loaded clipping DMT with the simplified CNC
algorithm for flexible-rate PON. The experimental results show that the entropy-loaded
clipping DMT with a simplified CNC algorithm can achieve a wide-range data-rate
adjustment from 12.5Gb/s to 100Gb/s under the optical power budget from 40dB to 26dB.

The rest of this paper is organized as follows. In Section 2, the simplified CNC algorithm for
eliminating the clipping noise is described in detail. In Section 3, the experimental setups and
DSP are introduced. In Section 4, the experimental results are analyzed. Finally, this paper is
concluded in Section 5.

2. Simplified LDPC-assisted CNC algorithm

High PAPR is an innate problem for DMT signals. The high-PAPR DMT signal has low average
power, resulting in a low optical power budget in peak-power constrained PON. To meet the
requirement of a high optical power budget in PON, the symmetric-clipping operation is adopted
to reduce the PAPR of entropy-loaded DMT signal, and the CNC algorithm is employed to
effectively eliminate the clipping noise introduced by clipping operation [30]. To estimate and
eliminate the clipping noise more accurately, the SPA with a large iteration number is adopted
in the LDPC decoder to correct the error bits. However, such decoding processes increase
the computational complexity of the CNC algorithm. To reduce the complexity of the CNC
algorithm, we propose a simplified CNC algorithm with a segment LDPC decoder.

Figure 1(a) shows the diagram of the simplified CNC algorithm for entropy-loaded clipping
DMT system. Firstly, the received time-domain clipping DMT signals are converted into
PCS-QAM symbols and clipping noise by fast-Fourier transform (FFT). After that, the log-
likelihood-ratio (LLR) of each recovered bit is calculated by log-maximum a posterior probability
(Log-MAP) estimation and sent to the proposed segment LDPC decoder with m times iteration
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Fig. 1. (a) Diagram of the simplified CNC algorithm for entropy-loaded clipping DMT. (b)
Process of the proposed segment LDPC decoder for CNC algorithm.

decoding process using the SPA [33], as shown in Fig. 1(b). As the information bits and parity
check bits are updated during each iteration, these encoded bits can be sent to the QAM mapper
to regenerate PCS-QAM signals after kth (k<m) iteration decoding process. Then, the clipping
DMT signals are regenerated by inverse FFT (IFFT) and clipping. After the FFT, the regenerated
PCS-QAM signal with clipping noise subtracts the regenerated PCS-QAM signal without clipping
noise to estimate the clipping noise. Finally, the recovered PCS-QAM symbols subtract the
estimated clipping noise to extract more precise PCS-QAM symbols.

In the simplified CNC algorithm, the iteration number k influences the bit error ratio (BER)
of the corrected bits. The BER of the corrected bits determines the accuracy of the estimated
clipping noise. Generally, the SPA-based iteration process terminates when reaching the maximal
iteration to make certain that all corrected bits c satisfy the parity-check function cHT = 0, where
H represents the parity-check matrix, and (·)T donates the transpose operation. However, fewer
bits are corrected by the LDPC decoder and the complexity increases as k increases. When 99.8%
of the corrected bits satisfy the parity-check function, the regenerated clipping DMT signal is
close to the original one, and the estimated clipping noise is accurate. Therefore, the iteration
process can be cut off to reduce the complexity with almost no performance loss, even if the
BER of the corrected bits is approximately 10−4, instead of 10−12.

As LDPC iteration k increases, more error bits are corrected by the iteration process, and the
BER of the corrected bits before the CNC algorithm (i.e., the BER at Point P2 in Fig. 1) decreases
linearly, as shown in Fig. 2(a). k = 0 represents the BER before LDPC decoding (i.e., the BER
at Point P1 in Fig. 1). The BER of the corrected bits before the CNC algorithm reaches 10−12

with more than 20 times iteration processes, while the BER of that reaches 10−4 with only 6
times iteration processes. In addition, the corrected bits are used for regenerating the PCS-QAM
symbols, which influence the accuracy of the estimated clipping noise. In consequence, the
BER of the corrected bits before the CNC algorithm influences the pre-FEC BER after the CNC
algorithm (i.e., the BER at Point P3 in Fig. 1). As shown in Fig. 2(b), the pre-FEC BER after the
CNC algorithm decreases firstly as LDPC iteration k increases and tends to be stable after 6 times
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Fig. 2. (a) BER of the corrected bits before CNC algorithm versus LDPC iteration. (b)
Pre-FEC BER after CNC algorithm versus LDPC iteration. (c) Post-FEC BER after CNC
algorithm versus LDPC iteration. The dashed blue and red lines represent the trend line of
the BER.

iteration processes. That is, the corrected bits are precise enough to estimate clipping noise, and
the iteration process can be terminated after 6 times iteration processes. Obviously, by relaxing
the conditions of satisfaction for LDPC decoding, the required iteration times can be reduced,
which can dramatically reduce the complexity of the CNC algorithm. After removing the clipping
noise by the CNC algorithm, the SNR of the PCS-QAM symbols is improved, resulting in a
quick decrease of the post-FEC BER, as shown in Fig. 2(c).

Figure 3(a) shows the recovered PCS-256QAM of the entropy-loaded clipping DMT signal
before the CNC algorithm. The BER of the recovered PCS-256QAM without the CNC algorithm
is approximately 0.018. The estimated clipping noise by the LDPC-assisted CNC algorithm is
shown in Fig. 3(b). After estimating the clipping noise by the CNC algorithm, the recovered
PCS-256QAM is shown in Fig. 3(c) and the BER of the recovered PCS-256QAM in Fig. 3(c) is
approximately 0.0011. Obviously, the recovered PCS-256QAM in Fig. 3(c) is more clear than that
in Fig. 3(a), and the BER of entropy-loaded clipping DMT with the CNC algorithm is one-tenth
of that without the CNC algorithm. In consequence, the performance of the entropy-loaded
clipping DMT can be further improved when the clipping noise is effectively removed.

Fig. 3. (a) The recovered PCS-256QAM of entropy-loaded clipping DMT signal before
CNC algorithm. (b) The estimated clipping noise. (c) The recovered PCS-256QAM of
entropy-loaded clipping DMT signal after CNC algorithm for 50Gb/s ONUs.

3. Experimental setups

We set up an experiment of entropy-loaded clipping DMT for flexible-rate PON to certify the
benefit of the simplified CNC algorithm and the flexible adjustment of data rate. Figure 4(a)
shows the experimental setups of entropy-loaded clipping DMT. At the transmitter end, the
entropy-loaded clipping DMT signal is generated by the DSP of the transmitter (Tx). The line
rate of the generated entropy-loaded DMT signal (i.e., R4 in Fig. 4(b)) is equal to (R2 + R3) /r,
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Fig. 4. (a) Experimental setups of entropy-loaded clipping DMT. (b) Tx DSP and (c) Rx
DSP for entropy-loaded clipping DMT.

where r represents the LDPC code rate. For the flexible-rate PON transmission scenario, the
effective line rate only includes payload in PCS and FEC overhead for payload in PCS, which is
equal to (R1 + R3) /r. In the following sections of this paper, the data rate denotes the effective
line rate if there is no special statement.

The entropy-loaded clipping DMT signal is converted into an analog signal by a 90GSa/s
digital-to-analog converter (DAC) with a 3dB bandwidth of 16GHz. An electrical amplifier (EA,
CENTELLAX OA4SMM4) is used for amplifying the analog signal. After that, the amplified
analog signal is modulated on a 1304nm optical carrier by a 10G directly modulated laser (DML,
NEL NLK 1352UGH). The optical signal is then launched into 20km standard single-mode fiber
(SSMF) with the launch optical power of 9.78dBm, which can be measured at P1 in Fig. 4(a). At
the receiver end, a variable optical attenuator (VOA) is used to adjust the received optical power
(ROP). The ROP can be measured at P2 in Fig. 4(a). The optical power budget can be calculated
by the difference in optical power between P1 and P2. A 25GHz avalanche photo-diode (APD) is
used for converting the optical signal to an electrical signal. The electrical signal is then sent to a
90GSa/s analog-to-digital converter (ADC) to convert to a digital signal. Finally, the DSP of the
receiver (Rx) is used for recovering the transmitted signal from the received digital signal.

Figures 4(b) and (c) show the Tx and Rx DSP of entropy-loaded clipping DMT. We use
probabilistic amplitude shaping (PAS) to acquire PCS-QAM symbols [34]. Firstly, the bit
sequence is sent to constant composition distribution matching (CCDM) to transform the
uniformly distributed bits into amplitudes with the desired distribution. The n amplitudes output
A1. . .An from CCDM is transformed into amplitude bits. These amplitude bits and another λn
data bits are then sent to the LDPC encoder with 20% overhead to obtain (1 − λ) n check bits.
The code length of the employed LDPC is 8448, and the code rate is set to 0.833. These check
bits and the λn data bits are transformed into signs S1. . .Sn. The bA1 . . .bAn and the bS1 . . .bSn in
Fig. 4(b) are amplitude and sign bits respectively. After that, the amplitude shift keying (ASK)
symbols Xi are generated by Si · Ai, where i = 1. . .n. Then two ASK symbols are mapped to
the in-phase and quadrature components of the PCS-QAM symbols. As the maximum entropy
for the flexible-rate PON is larger than 6 bits/symbol, the PCS-256QAM symbols are generated
during the experiment. The PCS-256QAM symbols are then fed into 1024-point IFFT to generate
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Fig. 5. Entropy for (a) 25Gb/s, (b) 50Gb/s, and (c) 100Gb/s ONUs, respectively.

the entropy-loaded DMT signals. Finally, the peaks of the entropy-loaded DMT signals are
clipped to reduce the PAPR. The PAPR of the clipped DMT signal is 6.48 dB. At the receiver
end, the Rx DSP is mainly comprised of a time-domain equalizer (TDE) used for compensating
the distortions caused by the channel, and the CNC algorithm for removing the clipping noise.

4. Results and discussion

Figures 5(a)-(c) show the entropy of each subcarrier for ONUs with the data rate of 25Gb/s,
50Gb/s, and 100Gb/s, respectively. For 25Gb/s ONUs, the entropy of most subcarriers is 1
bit/symbol or 2 bits/symbol, and the maximum entropy is about 3.3 bits/symbol. For 50Gb/s
ONUs, the entropy of most subcarriers is larger than 2 bit/symbol, which is in the interval
between 2 bits/symbol and 5 bits/symbol. The maximum entropy for 50Gb/s ONUs is about
4.8 bits/symbol. For 100Gb/s ONU, the entropy of most subcarriers is in the interval between 2
bits/symbol and 6 bits/symbol, while only a few subcarriers with entropy is less than 2 bits/symbol.
The maximum entropy for 100Gb/s ONUs is about 6.2 bits/symbol.

Figures 6(a)-(c) show the BER performance versus ROP for the ONUs with the rate of
25Gb/s, 50Gb/s, and 100Gb/s in the flexible-rate entropy-loaded DMT with and without CNC
algorithm, respectively. For 25Gb/s ONUs, when the ROP is higher than −29dBm, the BER
of the entropy-loaded clipping DMT with CNC algorithm is lower than 20% soft-decision
forward-error-correct (SD-FEC) limit of 0.024, and the receiver sensitivity of the entropy-loaded
clipping DMT with CNC algorithm is 1.8dB higher than that without CNC algorithm. For
50Gb/s ONUs, when the ROP is higher than −25dBm, the BER of the entropy-loaded clipping
DMT with CNC algorithm is lower than 20% SD-FEC limit, and the receiver sensitivity of
the entropy-loaded clipping DMT with CNC algorithm is 1.8dB higher than that without CNC
algorithm. For 100Gb/s ONUs, when the ROP is higher or equal to −16dBm, the BER of the
entropy-loaded clipping DMT with the CNC algorithm is lower than 20% SD-FEC limit, while
the entropy-loaded clipping DMT without CNC algorithm can not reach the same 20% SD-FEC
limit even when ROP is −15dBm. Figures 7(a)-(c) show the BER performance comparison of
signals between the simplified and traditional CNC for 25Gb/s, 50Gb/s and (c) 100Gb/s ONUs.
Comparing with the traditional CNC algorithm, there is almost no performance loss using the
simplified CNC algorithm.

Figures 8(a) and (b) show the data rate and spectral efficiency versus the optical power budget
at the 20% SD-FEC limit for the ONUs in the flexible-rate entropy-loaded DMT with and without
CNC algorithm. The data rate can be adjusted from 100Gb/s to 12.5Gb/s under the optical
power budget from 26dB to 40dB. The spectral efficiency can also be adjusted from 2bit/s/Hz to
0.25bit/s/Hz with the optical power budget from 26dB to 40dB. The optical power budget for the
100Gb/s ONUs is 26dB, and the optical power budget for the 12.5Gb/s ONUs is 40dB, which
supports ONUs with the minimum and maximum optical path losses. Therefore, the experimental
results certify the benefit of the simplified CNC algorithm and the flexible adjustment of data
rate for the 100G flexible-rate PON is feasible.
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Fig. 6. The BER performance versus ROP for the ONUs with the rate of (a) 25Gb/s, (b)
50Gb/s, and (c) 100Gb/s in the flexible-rate entropy-loaded DMT, respectively. The dashed
black lines represent the 20% SD-FEC limit.

Fig. 7. The BER performance comparison of signals between the simplified and traditional
CNC for (a) 25Gb/s, (b) 50Gb/s and (c) 100Gb/s ONUs. The dashed black lines represent
the 20% SD-FEC limit.

Fig. 8. (a) Data rate and (b) spectral efficiency versus optical power budget at the 20%
SD-FEC limit for the ONUs in the flexible-rate entropy-loaded DMT with and without CNC
algorithm.

5. Conclusion

In this paper, we proposed a flexible-rate PON based on entropy-loaded clipping DMT for
increasing capacity. Meanwhile, clipping operation and simplified LDPC-assisted CNC algorithm
are proposed to improve the performance of DMT. To reduce the computational complexity of
the CNC algorithm, a segment LDPC decoder is proposed for reducing the iteration number
in the decoding process. The experimental results show that the entropy-loaded DMT with
the simplified CNC algorithm in the 100G flexible-rate PON for 25Gb/s and 50Gb/s ONUs
achieve about 1.8dB higher receiver sensitivity compared to that without the CNC algorithm. For
100Gb/s ONUs, the BER of the entropy-loaded clipping DMT with the CNC algorithm is lower
than 20% SD-FEC limit when the ROP is higher or equal to −16dBm, while the BER of that
without the CNC algorithm cannot reach the same limit. In conclusion, the proposed flexible-rate
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PON has a wide-range data-rate adjustment from 12.5Gb/s to 100Gb/s under the optical power
budget from 40dB to 26dB.
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