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Abstract We achieved a 17.57-bit/4Dsymbol information rate with >562-Gb/s net rate based on 
precisely entropy and code-rate optimized 32-GBaud probabilistically constellation-shaped 
(PCS-)1024QAM with an ultra-narrow-linewidth 1-Hz laser. A net rate of >542-Gb/s with an optimized 
PCS-1444QAM-based signal was also demonstrated for 30-km transmission. ©2022 The Author(s) 

Introduction 
The spectral efficiency of digital coherent optical 
transceivers has been increased by using an 
advanced modulation format based on 
information theory alongside the ongoing 
progress of optoelectronic device technologies 
and digital signal processing. 

A higher-order QAM signal with a high 
information rate is required to further increase the 
spectral efficiency. The spectral efficiency of 15.3 
bit/s/Hz  for 3-GBaud probabilistically 
constellation-shaped (PCS)-4096QAM signal 
using an optical phase-locked loop has been 
reported [1] and the spectral efficiency of 17.3-
bit/s/Hz with 3-GBaud PCS-4096QAM signal has 
also been demonstrated by applying an ultra-
narrow linewidth laser to mitigate the impact of 
laser phase noise [2]. The generation of high-
speed and higher-order QAM signal is also 
challenging for signals over 1024QAM. Figure 1 
shows digital coherent experiments for high 
information rate over 12 bit/4D-symbol. The 
information rates of 18 bit/4D-symbol with 15-
GBaud geometrically shaped 2048QAM signal 
[3], 16 bit/4D-symbol with 30-GBaud PCS-
4096QAM signal [4], and 22.8 bit/4D-symbol with 
10-GBaud PCS-16834QAM signal [5] have been 
generated with a high-speed CMOS DAC. 

Recently, the information rate of 14.46 bit/4D-
symbol PCS-400QAM signal [6] and 15.38 
bit/4D-symbol PCS-400QAM [7] signal have 
been reported by using a high-speed SiGe DAC 
[8]. In our previous work, we demonstrated the 
information rate of 16.1 bit/symbol for 64-GBaud 
PCS-1024QAM signal generation and detection 
[9] by using a high-speed SiGe DAC. To further 
increase the information rate, we need to improve 
the SNR improvement and optimize the symbol 
probability distribution for PCS-QAM [6]. The 
approach for this is to use lower symbol rate 
PCS-QAM signals to optimize the entropy and 
code rate. 

In this study, we optimized the PCS-QAM 
parameters including constellation size, entropy 
and ford error correction (FEC) code rate to 
maximize the information rate of the 32-GBaud 
signal generated by high-speed SiGe DAC and 
an ultra-narrow-linewidth 1-Hz laser. As a result, 
we achieved a 17.57-bit/4D-symbol information 
rate with a >562-Gb/s net rate based on 32-
GBaud PCS-1024QAM, as shown in Fig. 1. A net 
rate of >542-Gb/s with a PCS-1444QAM-based 
signal was also demonstrated for 30-km 
transmission. 

Information rate maximization for 
probabilistic amplitude shaping with entropy 
and code-rate optimization 
In probabilistic amplitude shaping (PAS) [10], the 
net-bit rate � at a polarization multiplexed signal 

is obtained by 

� � �� � �1 � �	
 ∙ 4� ∙
�

1 � ���/100
, (1) 

where �  is the entropy of constellation per 4D 
symbol, �	  is the FEC code rate,   is the bit 
number per 1D symbol, � is the symbol rate, and 
���  is the pilot overhead. Information rate is 

defined as the net-bit rate divided by the symbol 
rate. When we fix the symbol rate and pilot 

 Fig. 1: Results of digital coherent experiment for high 

information rate over 12 bit/4D-symbol. 
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overhead, the information rate can be maximized 
by optimizing , �, and �	. � is derived from the 

probability distribution of the symbol with a 
discrete Maxwell Boltzmann (MB) distribution 
generated by the probabilistic amplitude shaping 
scheme with constant composition distribution 
matcher (CCDM) [10]. The shaping gain can be 
obtained by changing the probability distribution 
of the symbol in accordance with the MB 
distribution. However, since PCS gets signal 
peak-to-power average ratio (PAPR) higher, it 
would cause SNR degradation under the 
amplitude-constrained condition with the finite 
resolution of the DACs. Thus, we need to reveal 
the range of an entropy � where the shaping gain 

outperforms the SNR deterioration. We then 
determine the required code rate �	 for error-free 

decoding at the condition of the probability 
distribution. Finally, we calculate the information 
rate by using the � of the probability distribution 
and the code rate �	 . The same procedure is 

repeated until the information rate is maximized 
by changing the probability distribution. 

Experimental setup 
We investigated the effect of maximizing the 
information rate of the 32-GBaud PCS-QAM 
signal. Figure 2 shows the experimental setup for 
the evaluation. The configurations of the 
transmitter and receiver were the same as those 
for the 64-GBaud PCS-1024QAM signal [9] 
except for the laser diode (LD), local oscillator 
(LO), and part of the Tx/Rx DSP algorithms. In 
this experiment, we eliminated the effect of laser 
phase noise by using ultra-narrow linewidth 1-Hz 
lasers (OEwaves OE4030) as LD and LO. 

At the Tx-DSP, PCS-1024QAM signals were 
generated by the PAS scheme with CCDM [10]. 
The 1444QAM, 1936QAM, and 2500QAM 
signals were generated by a truncated PCS-QAM 
scheme [11] based on the Gray mapped 
4096QAM constellation. A symbol sequence with 
the length of 2�� was up-sampled using a root-

raised-cosine filter with a roll-off factor of 0.01. 
Tx-side nonlinearity compensation (TxNLC) was 
carried out using a third-order Volterra filter with 
the same filter coefficients as [9]. On the Tx side, 
radio frequency (RF) signals were generated by 
using a SiGe-DAC-based arbitrary waveform 
generator (AWG) operating at 128 GSa/s. Single-
ended linear driver amplifiers with a gain of 11 dB 
were used to drive the RF signals for the lithium-
niobate-based polarization-division-multiplexed 
in-phase-and-quadrature modulator (PDM-IQM). 
The PDM-QAM signal was modulated with a 
carrier signal of 193.755 THz output from an 
ultra-narrow linewidth 1Hz laser amplified up to 
25.5 dBm using an erbium-doped fibre amplifier 

(EDFA). Optical equalization (OEQ) was carried 
out for the modulated optical signals. The optical 
spectra measured by an optical spectrum 
analyser (OSA) at the back-to-back and after 30-
km pure-silica core fibre (PSCF) transmission at 
a launched power of -2 dBm are shown in Fig. 2. 

At the Rx side, the received signal was 
amplified using an EDFA and filtered by an 
optical bandpass filter (OBPF). The signals were 
detected by a coherent receiver composed of an 
optical hybrid and four balanced photo detectors 
(BPDs). A 256-GSa/s digital storage oscilloscope 
(DSO) digitized the received signal.  

At the Rx-DSP, the sampling rate of the signal 
was converted into two samples per symbol. 
Then, compensation for the linear responses in 
the Tx and Rx, frequency offset compensation, 
and carrier phase recovery were simultaneously 
carried out using a frequency domain 8×2 MIMO 
adaptive equalizer [9] utilizing a pilot-based 
digital phase-locked loop with a pilot overhead of 
1.78%. The log-likelihood ratios (LLRs) were 
calculated using a bit-metric decoder [10]. Finally, 
we evaluated the constellation SNR, generalized 
mutual information (GMI), and normalized GMI 
(NGMI) [12].  

Experimental results and discussion 
First, we measured the SNR after demodulation 
for each probability distribution for the 1024QAM, 
1444QAM, 1936QAM, and 2500QAM, as shown 
in Fig. 3(a). As we can see, the SNR of each QAM 
with a uniform distribution signal is the highest, 
and it decreases with the constellation shaping. 
We then evaluated the GMIs for each QAM signal, 
as shown in Fig. 3(b), where the GMI curve of 
each QAM size has a peak due to the balance 
between the shaping gain and the SNR 
degradation. 

Next, we determined the required code rate 
�	 for error-free decoding at the condition of the 

probability distribution of each QAM by using the 
offline evaluation scheme [13]. We used the 
DVB-S2 LDPC codes [14] with a codeword length 
of 64800 and code rate of 5/6. The rate-adaptive 
coding [15] was performed by puncturing the 
base on the above code rate. Figure 3(c) shows 
the post-LDPC bit-error rates as a function of the 

 Fig. 2: Experimental setup. 
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LDPC overhead for each QAM at the condition of 
the maximum GMI as an example. We examined 
about 300 codewords for LDPC decoding by 
using the LLRs. We assumed an outer hard-
decision (HD-)FEC with the code rate of 0.9922 
and a BER threshold of 5 � 10�� [16]. Error-free 

decoding can be achieved when the post-LDCP 
BER is less than the HD-FEC threshold. The 
required FEC code rate �	  was calculated by 

concatenating the code rates of the LDPC codes 
and outer HD-FEC codes. The required code rate 
and NGMI in each QAM with a different symbol 
probabilistic distribution are shown in Fig. 3(d). 

The code rate needs to be bigger than 
���

�
 for the 

PAS scheme, as the parity bits must be assigned 
as sign bits of the 1D symbols [10]. For 
4096QAM-based truncated PCS-QAM, the code 
rate is equal to or higher than 5/6. No error-free 
condition was found for the 2500QAM because 
the measured NGMIs were close to 5/6, as 
shown in Fig. 3(d). Figure 3(e) shows the 
achievable bit rate derived from the GMI and the 
net-bit rate calculated from the required code rate. 
These bit rates were calculated excluding pilot 
overhead. When compared with the achievable 
bit rate, the bit rate was the highest at the PCS-
1936QAM. In contrast, when compared with net-
bit rate, the PCS-1024QAM achieved the highest 
rate. This is because the impact of the 

implementation penalty of the practical FEC 
decreases at PCS-1024QAM, whose  � 5 
compared to PCS-4096QAM, whose  � 6 [17]. 

The maximum net-bit rate was 562.5 Gb/s at the 
condition of PCS-1024QAM with the entropy of 
19.743 bit/4D-symbol and the code rate of 0.9075. 
The information rate was 17.57 bit/4D-symbol. 

Finally, we evaluated the net-bit rate for 
truncated PCS-1444QAM after 30-km 
transmission in the same manner. The maximum 
bit rate of the PCS-1444QAM was >542 Gb/s, as 
shown in Fig. 3(f). This result shows that the 
optimization scheme can be applied to the PCS-
QAM signal even after fibre transmission in the 
linear regime. 

Conclusions 
We achieved a 17.57-bit/4D-symbol information 
rate with a >562-Gb/s net rate based on 32-
GBaud PCS-1024QAM thanks to the entropy of 
the symbol probabilistic distribution and code-
rate optimization by using adaptive coding 
scheme and an ultra-narrow-linewidth 1-Hz laser. 
An information rate of 16.93-bit/4D-symbol with a 
>542-Gb/s net rate signal with a PCS-1444QAM 
was also demonstrated for 30-km PSCF 
transmission.  

 Fig. 3: Experimental results of (a) SNR vs. entropy, (b) GMI as a function of entropy, (c) post-LDPC BER vs. LDPC 

overhead, (d) NGMI and code rate as a function of entropy, (e) bit rate as a function of entropy and (f) net-bit rate of 

truncated PCS-1444QAM as a function entropy at 0 km and transmission over 30-km PSCF. 
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