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Abstract We investigate experimentally and numerically the impact of using different fiber dimensions
to spread out the 32-dimensional Voronoi constellations. We find similar performance in experiments and
less than 5.4% reach improvements in long-haul transmission simulations by spreading the constellation
dimensions over time slots compared to wavelengths. ©2022 The Author(s)

Introduction

Geometric and probabilistic constellation shaping
are used to close the 1.53 dB shaping gap to the
Shannon limit!l, Probabilistic shaping has the ad-
vantage of rate adaptability while increasing the
complexity and latency of the system with a distri-
bution matchert?). On the other hand, geometric
shaping (GS) is usually used in fixed rates and
can be designed for either linear or nonlinear chan-
nels as well as adapted to different impairmentst®.
For instance, in, constellations are geometrically
designed to tolerate laser phase noise. In the
presence of transceiver impairments, end-to-end
learning was applied inl® to design geometrically
shaped constellations. InleH4 4-dimensional con-
stellations are optimized in a multi-span nonlinear
fiber channel.

The Voronoi constellations (VC) based on mul-
tidimensional lattices are a type of GS with
low-complexity encoding and decoding algorithms
without look-up tables to store the constellation
symbols®l. In contrast to many other geometrically
shaped constellations, increasing the constellation
size or spectral efficiency (SE) does not add al-
gorithmic complexity. VCs have been studied for
the additive white Gaussian noise (AWGN) chan-
nellH9 single wavelength and polarizationt™l,
or multiple wavelengths and polarizations sys-
temsl’@. However, different physical realizations
of VCs over the available dimensions of standard
single mode fibers have not been compared.

In this work, we compare different physical real-
izations of 32-dimensional VCs with SEs of 1 and
2 bits/symbol/dimension. These modulation for-
mats are simulated for both the AWGN and nonlin-
ear fiber channels, and experimentally investigated
in multiple time slots, wavelengths, and polariza-
tions in the presence of transceiver and fiber chan-
nel impairments. We experimentally show that

when the transmitted signal is dominated by the
noise from the optical amplifier, there is a similar
performance between spreading the physical di-
mensions over wavelengths or polarizations com-
pared to time slots. Furthermore, in the long-
haul transmission simulations without transceiver
impairments, we show almost 0 and 5.4% reach
improvements when the constellations dimensions
are spread from 8 wavelengths to 8 time slots at
SEs of 1 and 2 bits/symbol/dimension, respec-
tively.

Voronoi constellation realizations

In this work, we consider two 32-dimensional
Voronoi constellations based on the first-order
Reed-Muller codel® with SEs of 1 (BW32B1) and
2 (BW32B2) bits/symbol/dimension and constella-
tion sizes of 2%2 and 2%, respectively. The bit-to-
symbol mapping and symbol-to-bit demapping al-
gorithms are described inléH13114]

In order to transmit the multidimensional VCs
over physical fiber dimensions, we convert the 32-
dimensional real symbols into multiple complex
numbers to modulate the amplitude and phase (in-
phase and quadrature (I/Q) components) in differ-
ent sets of time slots (ts), polarizations (pol), or
wavelengths (wl). We use the frame structure inl™
for the 1/Q components in each polarization and
wavelength.

In the receiver, after detecting all physical di-
mensions and offline pilot-aided signal process-
ingl’®, we convert the complex numbers into
real multidimensional symbols and apply the clos-
est point algorithm based on decoding unions of
cosets!!/l to estimate the transmitted symbols and
calculate the bit error rate (BER). The quadrature
amplitude modulation (QAM) formats with Gray la-
beling and maximum likelihood detection are used
as a benchmark to compare the performance of
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VCs at the same SE.

Simulation and experimental setups

We perform simulations for both the AWGN chan-
nel and a long-haul transmission link. In the
long-haul transmission simulations, we solve the
nonlinear Schrédinger equation (NLSE) numeri-
cally using the Manakov equation!’® and split-step
Fourier method!’® to model the transmission in a
fiber with 0.2 dB/km attenuation, 16.8 ps/nm/km
dispersion, and 1.3 (W km)™" nonlinearity. Each
span of fiber is 80 km and it is followed by an
erbium-doped fiber amplifier (EDFA) with 5 dB
noise figure and a gain equivalent to the span loss.
The dispersion is only compensated at the receiver
side.

The experimental setup is shown in fig. [f]
The optical carriers generated from two in-
dependent external cavity lasers (ECLs) of
linewidths <100 kHz operating at 1550.16 nm and
1550.26 nm are split up into two arms by 3 dB
couplers. Each arm is modulated by an 1/Q mod-
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Fig. 1: Experimental setup with two transmitters and a single coherent receiver to detect two wavelengths simultaneously.

ulator driven by amplified electrical signals from
an arbitrary waveform generator (AWG) with a
10 Gbaud signal. A variable optical attenuator
(VOA) after each I/Q modulator is used to balance
or block the power of the arms. For each wave-
length, the output of the VOAs are combined us-
ing a polarization beam combiner to create a dual-
polarization (DP) signal. The modulated wave-
lengths are then combined with a 3 dB coupler and
amplified with a booster EDFA. A VOA is used to
sweep the power into the pre-amplifier changing
the optical signal-to-noise ratio (OSNR) for noise
loading and to set the required launch power, P,
at the transmission span input in case of the fiber
transmission. The OSNR is defined over 0.1 nm
bandwidth and it is normalized per wavelength and
polarization for all of the experiments. The fiber
and EDFA parameters are approximately similar to
the long-haul transmission simulation parameters.

On the receiver side, the signal is pre-amplified
and filtered to remove the out-of-band noise. It
is then fed into a coherent receiver with 22 GHz
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Fig. 2: The BER performance in (a) AWGN simulation, (b), (c) single span transmission experiment, and (d), (e), (f) back-to-back
experiment. The OSNR and P are measured over the total signals bandwidth, then normalized per wavelength and polarization.
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Fig. 3: The BER at the optimum optical launch power performance in long-haul single mode fiber transmission simulation.
(a) Single wavelength simulation, (b), (c) comparison of different realization occupying 8 wavelengths and 2 polarizations.

small-signal bandwidth. A free-running ECL with
<100 kHz linewidth is used as local oscillator
for both channels at their average wavelength
1550.21 nm. The electrical signals from the co-
herent receiver are sampled using a real-time os-
cilloscope and processed offline to compensate for
channel and receiver impairments.

Results and discussions

We compare the uncoded BER performance of
VCs with regular QAM formats at the same SEs
both in simulation and experiment.

In fig. [2(a), modulation formats are simulated
for the AWGN channel. There is a crossing point
where for lower BERs, VCs outperform QAM for-
mats. At the hard-decision forward error correc-
tion (HD-FEC) threshold®Y of BER = 2.26 x 10,
the OSNR improvement for VCs are 0.85 and
1.7 dB at SEs of 1 and 2 bits/symbol/dimension,
respectively. Fig. [2(a) can be used to measure
the implementation penalties for different realiza-
tions over physical fiber dimensions. For instance,
in fig. [2(d), using 1 wavelength, 1 polarization,
and 16 time slots to implement a 32-dimensional
space, the implementation penalties are approx-
imately 0.65, 0.4, 1.45, and 0.95 dB for 4QAM,
BW32B1, 16QAM, and BW32B2, respectively, at
the HD-FEC threshold. Comparing the simulation
and experiment, the reasons for higher OSNR im-
provements in fig. [2(d, e, f) than fig. [2(a) at low
BERSs are the enhanced sensitivity and lower im-
plementation penalties of VCs compared to QAM
formats. Furthermore, by spreading over other
physical dimensions than time slots, the implemen-
tation penalty increases due to the differences in
performance of transceiver components. More-
over, the OSNR improvement of VCs compared to
QAM formats decreases slightly by spreading the
dimensions from time slots to wavelengths and po-
larizations as shown in fig.[2(d, e, f).

Fig. [2(b, c) show the results of a single-span
transmission in 1 and 2 wavelengths experiment,
respectively, where both transceiver and fiber im-

pairments arise. Due to the dual-wavelength de-
tection with a single coherent receiver in fig. [2(c)
(similar to fig.[2(f)), we see that the power improve-
ment for 2 bits/symbol/dimension increases from
2.0 to 7.2 dB at the HD-FEC threshold. However,
at 1 bits/symbol/dimension, there is no improve-
ment in the optical power between different real-
izations.

In fig. the long-haul nonlinear fiber simula-
tions are shown as we spread the physical di-
mensions from time slots to wavelengths. In
fig. [3(a), single wavelength simulations are shown
comparing QAM formats and VCs at the same
SEs. At the HD-FEC threshold, we show 173 and
1110 km reach improvements for VCs compared
to QAM formats at 1 and 2 bits/symbol/dimension,
respectively. In fig. [3(b, c), we compare differ-
ent realizations of VCs in a long-haul transmis-
sion link with 8 wavelengths and 2 polarizations.
At 1 bits/symbol/dimension in fig. [3(b), different
realizations have the same reach at the HD-FEC
threshold. However, fig. [3c) shows 103 km (5.4%)
reach improvement when bits are transmitted us-
ing 8 BW32B2 each spread over 8 time slots com-
pared to 1 BW32B2 spread over 8 wavelengths.

Conclusions

We compare different implementations of VCs over
time slots, polarizations, and wavelengths in fiber
simulations and experiments. We experimentally
show similar performance between different real-
izations using time slots, wavelengths, and polar-
izations. Long-haul nonlinear simulations show a
reach improvement of near 0 and 5.4% by spread-
ing the VCs dimensions over time slots compared
to wavelengths at 1 and 2 bits/symbol/dimension,
respectively.
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