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Abstract—We experimentally demonstrate dual-polarization
nonlinear frequency division multiplexing using the continuous
spectrum in 1680 km of normal dispersion fiber, at the net data
rate of 25.6Gbit/s. NFDM exhibits a gain of 0.4 dB in Q-factor
and 1 dB in total launch power when compared with burst mode
OFDM. DGD penalties are shown to be negligible in NFDM
transmission.

Index Terms— Nonlinear Fourier transform, nonlinear
frequency division multiplexing, normal dispersion, polarization
division multiplexing

I. INTRODUCTION

n current long haul optical communication systems, the main
[limiting factor to channel rate and transmission reach is
channel interference owing to Kerr nonlinearity [1]. Several
nonlinearity mitigation techniques, e.g., digital optical phase
conjugation [2], Volterra series transfer function [3], and
digital back propagation [4], have been proposed to combat
fiber nonlinearities. However, the practical Q-factor
performance gain was limited to ~0.5 — 1 dB, owing to noise-
nonlinearity interactions and cross-phase modulation (XPM)
[3,5].

A different nonlinearity mitigation technique that has
gained attention in recent years is nonlinear frequency-
division multiplexing (NFDM) [6]. In this approach,
information is encoded by exploiting the nonlinear Fourier
transform (NFT). In this way, one generates nonlinear spectral
channels that propagate independently, in principle allowing
for interference-free communications.

Several experimental demonstrations of NFDM have been
reported: these experiments employed transmission fibers
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operating either in the anomalous or in the normal dispersion
regime, respectively. In the former case, the nonlinear
spectrum consists of continuous and discrete components,
which can be separately [7-8,9] or jointly [10] modulated. In
the latter case, there is no discrete spectrum and only the
continuous spectrum can be modulated [11]. By using the
NFDM approach, Q-factor gains of up to 1 dB over
transmission schemes using linear frequency division
multiplexing were reported.

More recently, it has been proposed that NFDM can be
combined with polarization division multiplexing (PDM) for
transmission based on continuous spectrum modulation [12].
The experimental demonstration of dual-polarization
eigenvalue communication over 373.5 km was reported [13].

In this Letter, we experimentally demonstrate dual-
polarization NFDM of the continuous spectrum with a normal
dispersion transmission fiber. We obtain a 04dB Q-factor (1dB
in SNR) gain when compared with OFDM, for transmissions
over 1680 km at the net data rate of 25.6 Ghit/s, when taking
into account the guard interval duration.

II.  THEORY OF PDM-NFDM

When neglecting polarization mode dispersion (PMD),
vector pulse propagation in periodically amplified optical fiber
links can be described by the path-averaged lossless Manakov
equation [14]

2
AP OA AP A &)
oz 2 ot?

Here A = A,k =1,2 is the Jones vector describing complex

envelopes of the electrical field in the two polarizations, Z €
[0, L] is the transmission distance, t is a retarded time, 3, is
the dispersion coefficient, and y is the effective nonlinearity
coefficient [15].

We may express (1) in the usual dimensionless units
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We obtain the dimensionless Manakov equation
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with s =41, where s =1 corresponds to the normal
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dispersion regime. Here T, is a free parameter.
Eq. (3) can be represented by means of the so-called Lax
equation
ol [M L] (4)
oz
where the L and M are 3x3 matrix operators [14]. For
example,
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The eigenvalues A of L are invariant upon fiber propagation
and the nonlinear Fourier coefficients a, b;and b, are
computed from their eigenvectors [14]. The continuous
spectrum is then given by
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To numerically compute the NFT, we use the Ablowitz-Ladik
discretization of L, and apply the discrete layer peeling
method for the inverse NFT (INFT) [12]. In the absence of
noise, the input-output relation for the signal NFT reads as

NFT(q(z, L)) = H(2, L)x NFT(q(z,0)) (7)

where H = exp(— is4A? L) an all-pass-like channel filter.

In PDM-NFDM (PDM-OFDM) transmissions, each
subcarrier is modulated and multiplexed on the nonlinear
(linear) spectrum by using the M-QAM modulated symbol
(c{fm) format. A signal in the kt"-polarization is formed as
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where Ppax, Noups Noympor, Wo and T represent the peak power
per polarization, sub-carrier number, number of symbols, sub-

carrier spacing and the total symbol duration, respectively and
A=m f, where f is frequency. A signal in the U-domain is

then mapped into the nonlinear spectral domain q according
to

(8)
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This step enforces the fundamental constraint |[g| < 1. Finally,
the time domain signal is computed as q(t,0) =
INFT(§(4,0)) before its injection into the fiber. Note that
INFT processing acts on each symbol separately. In OFDM,
one directly generates the input signal U(f ) as eq.(8).

©)

I1l. EXPERIMENTAL SETUP

The 32X 0.56Bd NFDM/OFDM symbols in each
polarization consist of 32 orthogonal subcarriers modulated
with 16QAM complex symbols at the transmitter. The
transmitted symbol blocks include synchronization symbols
(SS), polarization separation symbols (PSS), training symbols
(TS), and data symbols, as shown in Fig. 1. PSS symbols are

generated using OFDM with cyclic-prefix for MIMO channel
separation. Whereas TS and data symbols are defined in the
NFT domain, and the prior used for MIMO channel
equalization.
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Fig. 1. Data structure of real part of 16QAM PDM-NFDM/OFDM.

The NFDM symbols are oversampled by a factor 8, thus
increasing the sampling frequency to 512Gs/s, for accurate
computation of the nonlinear spectrum. We compute u =
F~1(U), where F stands for FFT, in order to introduce a
guard band of 8 ns, to satisfy the vanishing boundary
conditions of the Zakharov-Shabat spectral problem [14] in
time domain (i.e., a total symbol duration of ~10 ns). Since
NFT processing is applied to each data symbol separately,
guard bands added to both front and end of NFDM/OFDM
symbols prevent inter-burst interference, and accommodate
symbol broadening due to the combined action of dispersion
and nonlinearity during fiber propagation. Prior to mapping
user data into the NFT domain according to (9), we compute
U = F(u). Time domain NFDM symbols are computed by
the INFT algorithm. Four of the subcarriers are used as pilot
tones for laser phase noise estimation. To perform dual-
polarization transmission, we use a polarization division
multiplexing emulator (PDME). As shown in the inset in Fig.
2, the single complex 1/Q modulator serially generates both X
and Y polarization data as follows: g3, gx, g3, g%, ... . Next, the
PDME splits the two orthogonal polarization components of
the signal, delays the Y component by one symbol, and
recombines them. As a result, NFDM symbols not involving
the same serial number in the two polarizations (as indicated
by red circles in Fig.2) are discarded at the receiver.

Fig. 2 shows the experimental setup of our 16GHz PDM-
NFDM/OFDM transmission system: yellow boxes indicate the
additional DSP block for NFDM. The NFDM signal is
resampled to 64 GS/s before being loaded into the arbitrary
waveform generator (AWG). The optical signal is generated
by using a complex 1/Q modulator. Linear adaptation is
employed to pre-equalize only the amplitude imperfection of
the transmitter and receiver.
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Fig. 2. Experimental setup, PDM-NFDM data stream structure and offline Tx/Rx DSP

The 1/Q modulator output passes through the PDME with
1 symbol time delay (~10 ns), is amplified and then launched
into a negative dispersion fiber designed for submarine
transmissions (TW-SRS fiber, « = 0.2 dB/km, D = -4.66
ps/nm/km and Serr = 53.5um?). The transmission link within
the recirculating loop consists of two 70-km fiber spans and
two EDFAs (NF = 55 dB). An optical band-pass filter
(OBPF) with a 3 dB bandwidth of 1 nm is used inside the
loop, to suppress out-of-band ASE noise. A polarization
scrambler is included in the loop, to randomize the
polarization state after each loop. An external cavity laser
(ECL) (Av = 100kHz) is used both as the optical carrier, and
the local oscillator at the transmitter and receiver, respectively.
The signal is detected by an intradyne coherent receiver, and
sampled by a real time 80GS/s sampling oscilloscope. The
sampled signal is analyzed by offline digital signal processing
(DSP), whose structure is also shown in Fig. 2.

At the receiver, after timing synchronization and carrier
frequency offset (CFO) compensation using synchronization
symbols, the received samples are separated in time blocks.
The PSS symbols are separated, and chromatic dispersion
compensation applied to them. The compensated PSS symbols
are then used to separate the two states of polarization and
equalize the amplitude distortion arising from transmission
imperfections. NFDM symbols are then normalized for
carrying out the NFT operation. Here the wrongly combined
symbols are dropped as shown in the inset of Fig. 2. Channel
inversion on the received g; is done by using a single-tap
equalizer, to compensate for both dispersion and nonlinearity
jointly according to (7), and translated into the U-domain by
inverting (9). After removing the guard bands in time domain,
and resampling in frequency domain, the received symbols are
compensated for residual channel amplitude and phase
distortions in the nonlinear frequency domain by using NFT
training symbol-aided MIMO channel estimation. We exploit
the same training symbols to correct potential synchronization
timing errors. Synchronization timing errors manifest
themselves as a frequency dependent phase shift, that can be
compensated by using the time shift property of the NFT:

qt—7) <> e q(2) (12)

Rx DSP was thus optimized to minimize phase error, which is
the key for performance gain in NFDM transmissions. The

pilot-aided laser phase noise estimation was done in the NFT
domain, because any phase variation that affects the time
domain signal directly translates into phase noise in the NFT
domain. Finally, maximum likelihood detector based symbol
decision and bit error rate (BER) calculation were performed.
In back-to-back, the same error vector magnitude (EVM)
value of 12% was obtained for SP- and PDM-NFDM, which
means that there were no PDM implementation issues.

IV. EXPERIMENTAL RESULTS

In Fig. 3, typical examples of transmitted PDM NFDM
symbols are presented. The signal energy in the decaying tails
increases with input power, and it is taken into account in
INFT processing. The received constellations at -3 dBm
optimal launch power are presented in Fig. 4. In Fig.5 we
compare the Q-factor of single- and dual-polarization NFDM
with OFDM, for the same baud-rate and input launch burst
power. The Q-factor is calculated from the BER
measurements. The BERs values are almost identical for both
polarizations. For a fair comparison between NFDM and
OFDM, we do not include a cyclic prefix in OFDM data
symbols: therefore, chromatic dispersion equalization is
applied before the OFDM receiver. The input launch power
reported in Fig.5 corresponds to the average launch power in
the fiber including guard bands.
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Fig 3: Examples of PDM-NFDM time domain symbols.
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Fig 4: Received constellations at -3dBm for PDM-NFDM.
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Fig. 5. NFDM and OFDM results in SP- and PDM-NFDM.

Fig. 5 shows that optimal performance is obtained at -4 dBm
for PDM-OFDM, and -3 dBm for PDM-NFDM, with a peak
Q-factor of 6.84 dB and 7.25 dB, respectively. For SP-OFDM
and SP-NFDM, optimal Q-factors of 7.1 dB and 7.5 dB are
obtained, at launch powers of -5 dBm and -4 dBm,
respectively. At relatively low powers, we observe a ~2 dB
power difference between SP and PDM-NFDM, in place of
3dB as expected in the linear regime. This power difference is
reduced at high input powers, owing to increased signal-noise
interactions and numerical errors in the INFT/NFT algorithm.
In fact, at high input powers the NFDM signal has long
decaying tails and a high peak to average power ratio when
compared with its low power counterpart, as shown in Fig. 3.
This contributes to the performance degradation. We observed
that higher sampling rates at the Rx, and synchronization
timing error related phase corrections led to significantly
improved NFDM transmission performance. In our
experiments, polarization impairments such as polarization
mode dispersion, polarization dependent loss and differential
group delay (DGD) were not compensated.

To estimate the effect of DGD on the performance of
NFDM and OFDM, we introduce an extra time delay at the
AWG between successive symbols. This results in temporal
mismatch between the two polarizations at the PDME output.
We reduced the propagation distance to 980km, in order to
increase the Q-factor, thus allowing for more accurate
assessment of DGD effects. Fig. 6 shows that DGD has a
higher impact on the Q-factor for PDM-NFDM than for PDM-
OFDM. However, for typical PMD parameters less than
0.1 ps/Nkm, the Q-factor penalty caused by DGD is
insignificant for the transmission distance of our experiments.
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Fig. 6: Q penalty induced by DGD

V. CONCLUSION

We demonstrated PDM-NFDM transmission by using the
continuous spectrum in a normal dispersion optical fiber.
Compared with PDM-OFDM, a Q-factor gain of 0.4 dB
(OSNR gain of 1 dB) was obtained. The relative performance
of NFDM with respect to OFDM is expected to be further
improved by compensating polarizations impairments, by
reducing numerical errors in the NFT/INFT algorithms at high
powers, by PAPR reduction, and by performing Tx-Rx
adaptation.
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