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Abstract A single wavelength 66 GBd DP-1024QAM transceiver with a coded bit rate of 1.32 Tb/s is
demonstrated. Constellation shaping is employed to tailor the symbol distribution to achieve a net bit
rate of 680 Gb/s and spectral efficiency of 9.35 b/s/Hz after 400 km transmission.

Introduction
The combination of advanced multi-level modu-
lation formats, Nyquist spectral shaping and for-
ward error correction (FEC), is an essential re-
quirement for optical communications systems to
achieve high spectral efficiency (SE) and high
sensitivity in a single fiber core. For a fixed
fiber bandwidth and with finite transceiver signal-
to-noise ratio (SNR), it is imperative to utilize
a coded modulation scheme that enables the
largest possible information throughput1, without
incurring an increase in the cost per bit.

In this paper, we experimentally demonstrate a
high symbol rate 66 GBd dual polarization (DP)
1024 quadrature amplitude modulation (QAM)
transceiver, with a coded bit rate of 1.32 Tb/s.
Constellation shaping (CS)2 is employed to tai-
lor the input symbol distribution of the 1024QAM
constellation, in order to maximize the achievable
information rate (AIR) determined by the practi-
cal SNR limit imposed by the transceiver. This
provided a >10% increase in SE from 8.3 b/s/Hz
to 9.35 b/s/Hz and error free transmission over
400 km of standard single mode fiber (SSMF).

Experimental Test-Bed
The single wavelength 66 GBd DP-1024QAM
transmission test-bed is shown in Fig. 1.
The multi-level drive signals required for DP-
1024QAM were generated by mapping 20 decor-
related random binary bit sequences of length
349525 to 1024 constellation points using a
Gray coded memory-less mapper. The sym-
bols were 1.5 times over sampled, before be-
ing spectrally filtered using a root raised cosine
filter with a roll-off factor of 0.1. The signals
were pre-emphasized before being loaded onto
a 4-channel 99 GSa/s digital-to-analog conver-
tor (DAC), thus providing 66 GBd modulation.
For the CS 1024QAM symbols, the probabil-
ity of the 1-dimensional (1D) symbol amplitudes
was drawn from a family of Maxwell-Boltzmann

distributions3. The input distribution that maxi-
mized entropy, for a fixed SNR (as determined
by the practical SNR limit of the transceiver)
was chosen. The 1D probability distribution was
passed through a constant composition distribu-
tion matcher4 to generate the CS symbols, be-
fore being Nyquist filtered, pre-emphasized and
loaded onto the DAC.

The multi-level drive signals were electrically
amplified, before being applied to a DP Lithium
Niobate IQ modulator. A standard external cav-
ity laser (ECL) with linewidth (LW) <100 kHz was
used as the transmit laser. For back-to-back
(B2B) measurements, the output of the transmit-
ter was passed directly into the signal port of the
digital coherent receiver (CoRx), via an erbium
doped fiber amplifier (EDFA) and a variable op-
tical attenuator (VOA). The CoRx consisted of a
discrete 90◦ optical hybrid, four balanced photodi-
odes and four 200 GSa/s real time oscilloscopes
with 3 dB bandwidths of 50 GHz. An amplified
spontaneous emission (ASE) noise source was
used to vary the received optical signal-to-noise
ratio (OSNR). The receiver digital signal process-
ing (DSP) implementation consisted of signal nor-
malization, de-skew, down-sampling, matched fil-
tering and blind adaptive equalization (constant
modulus algorithm for tap pre-convergence fol-
lowed by multi-modulus algorithm). Carrier phase
estimation (CPE) was carried out using a max-
imum likelihood feed forward carrier recovery al-
gorithm, which employed rate 32/33 pilot insertion
for data aided CPE and cycle slip protection. Log
likelihood ratios (LLRs) were estimated for each
bit per symbol and used as soft inputs into a low-
density parity-check (LDPC) forward error cor-
rection (FEC) scheme, which was based on the
2nd generation satellite digital video broadcasting
standard, with rates Rc ∈ {1/2, 3/5, 2/3, 3/4, 4/5,
5/6, 8/9, and 9/10}5. An outer hard decision (HD)
staircase code (SCC)6 with rate Rh = 16/17 and
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Fig. 1: 66 GBd CS DP-1024QAM transmission test-bed. Inset (a), received spectrum after 400 km transmission.

error correcting threshold of 4.7 · 10−3, was as-
sumed. If the hard decisions from the LDPC de-
coder were below the threshold for the outer SCC,
a post-FEC bit error ratio (BERpost) of 10−15 was
assumed to have been achieved. The coded bits
and LLRs were also used for estimation of the
generalized mutual information (GMI), normalized
GMI (NGMI) and pre-FEC BER (BERpre), while
the transmitted and received symbols were used
for SNR estimation.

For transmission experiments, the CS DP-
1024QAM channel under test (CUT) was coupled
with an Infinera PIC based line module, which
consisted of ten 200 GHz spaced 14.24 GBd DP-
QPSK channels. The transmission link was com-
prised of fourteen 100 km spans of SSMF, with
span losses ranging from 19 dB to 22 dB. A hy-
brid Raman/EDFA scheme was used per span to
regenerate the optical signals. ASE noise loading
was not used for transmission experiments.

Uniformly Shaped DP-1024QAM
Fig. 2 (a) illustrates the B2B experimental BER
performance for standard uniformly shaped (US)
66 GBd DP-64QAM, 256QAM and 1024QAM.
64QAM achieved an OSNR implementation
penalty of 2.7 dB relative to theory at a reference
BERpre of 3 · 10−2. An error floor was realized for

64QAM at 3·10−3. Due to the higher SNR require-
ments to achieve a constant BERpre, the 256QAM
and 1024QAM formats achieved BERpre floors of
5.6 · 10−2 and 1.2 · 10−1, respectively. This imple-
mentation penalty paradigm is only relevant when
considering BER as a function of OSNR.

A clear understanding of the origin of OSNR
penalty and the high BER floors can be under-
stood from Fig. 2 (b), which illustrates the exper-
imentally measured SNR as a function of the re-
ceived OSNR. If there was no practical SNR limit
within the transceiver, the measured data points
would follow that of the theoretical curve (dotted
line). However, as the OSNR is increased to-
wards 45 dB, the SNR begins to saturate and
eventually settles within ∼20.5−21.1 dB. This
practical SNR limit, dominated by the effective
number of bits (ENOB) of the DAC/ADC, noise
figure of the driver amplifiers and the DSP im-
plementation, places an upper limit on the largest
AIR for this experimental transceiver. Therefore,
the objective is to tailor the coded modulation
scheme in order to obtain a level of performance
as close to the AIR as possible. Fig. 2 (c) illus-
trates the post-FEC BER at the output of the SD-
FEC decoder, with rate 1/2, as a function of the
NGMI. It can be seen that the BERpost falls be-
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Fig. 2: (a) Mean BER over two polarizations as a function of received OSNR for US square 64QAM, 256QAM and 1024QAM. (b)
Corresponding estimated SNR as a function of received OSNR. (c) BERpost as a function of NGMI with SD-FEC rate 1/2 for

DP-1024QAM. Inset: 1024QAM constellation at a SNR of 20 dB.
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Fig. 3: (a) Symbol probability distribution for CS 1024QAM. (b) Simulated and experimentally measured NGMI as a function of
SNR. Dashed lines represent NGMI limit for outer HD-FEC when the SD-FEC encoder operated at rate 1/2 and 5/6 (c) BERpost

as a function of NGMI with SD-FEC rate 5/6 for CS DP-1024QAM. Inset: CS 1024QAM constellation at a SNR of 17.7 dB.

low the HD-FEC threshold at a NGMI of 0.549,
thereby achieving error free transmission. The
NGMI threshold of 0.549 corresponds to a SNR
of 18.4 dB (as seen in Fig. 3 (b)), and a BERpre

of 1.58 · 10−1. The net bit rate (NBR) for the US
66 GBd DP-1024QAM transceiver is 602 Gb/s
and the SE is 8.3 b/s/Hz. However, due to knowl-
edge of the practical SNR limit of the transceiver,
constellation shaping can be utilized to increase
the information rate.

Constellation Shaped DP-1024QAM
Fig. 3 (a) illustrates the 2D symbol probability
distribution for all 1024QAM constellation points,
with shaping factor, β = 2.38, where β is the
sum of the single sided 1D symbol amplitudes.
The largest AIR for this shaping factor, defined by
entropy: AIR = −Np

∑
x ρ(x) log2(ρ(x)), where

Np is the number of polarizations and ρ(x) are
the 2D symbol probabilities, is 13.52 b/4D-sym.
The numerically simulated and experimentally
recorded NGMI as a function of SNR for uni-
formly shaped and CS 1024QAM are shown in
Fig. 3 (b). By tailoring the symbol distribution a
larger NGMI can be achieved within the SNR limit
of the transceiver. Although using a fixed distri-
bution reduces the maximum AIR of the format,
higher NGMI enables the use of lower OH FEC
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Fig. 4: Experimentally measured NGMI versus transmission
reach. Inset: constellation after 400 km transmission.

schemes. This trade-off can be used to ultimately
increase the SE of the transceiver. Fig. 3 (c)
shows the NGMI versus BERpost when the SD-
FEC was operating at rate 5/6. This corresponds
to a 20% FEC OH, as apposed to the 100% OH
required for US 1024QAM, as shown in Fig. 2 (c).
A BERpost of 4.7 · 10−3 was achieved for a NGMI
of 0.792. This provided a NBR of 680 Gb/s and
a SE of 9.35 b/s/Hz, representing a 13% increase
in throughput over US DP-1024QAM.

As previously mentioned, state-of-the-art high
symbol rate transceivers are currently SNR lim-
ited. However, while SNR determines the max-
imum AIR of the system, OSNR determines the
maximum reach. Fig. 4 illustrates the experimen-
tally recorded transmission performance of the
CS DP-1024QAM signal over 1400 km of SSMF.
The NGMI drops below the threshold correspond-
ing to the outer HD-FEC correction limit (0.792)
at a transmission distance of 400 km. The OSNR
margin at the transmitter ensured that the NBR
of 680 Gb/s and the SE of 9.35 b/s/Hz remained
unchanged for this input distribution after trans-
mission over 400 km of fiber.
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