
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 13, JULY 1, 2021 4307
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Abstract—Optical eigenvalue communication is a promising
technique for overcoming the Kerr nonlinear limit in optical com-
munication systems. The optical eigenvalue associated with the non-
linear Schrödinger equation remains invariant during fiber-based
nonlinear dispersive transmission. However, practical applications
involving use of such systems are limited by the occurrence of
fiber loss and amplified noise that induce eigenvalue distortion.
Thus, several time-domain neural-network-based approaches have
been proposed and demonstrated to enhance receiver sensitivity
toward eigenvalue-modulated signals. However, despite the sub-
stantial improvement in power margin realized using time-domain
neural-network-based demodulators compared to their conven-
tional counterparts, these devices require rigorous training for
each transmission distance owing to changes in time-domain pulses
during transmission. This paper presents a method for demodula-
tion of eigenvalue-modulated signals using an eigenvalue-domain
neural network and demonstrates its utility through simulation
and experimental results. Simulation results obtained in this study
reveal that the proposed demodulator demonstrates superior gen-
eralization performance compared to its time-domain counterpart
with regard to the transmission distance. Moreover, experimental
results demonstrate successful demodulation over distances from
zero to 3000 km without training for each distance.

Index Terms—Optical fiber communication, optical solitons,
fiber nonlinear optics, machine learning, artificial neural networks.

I. INTRODUCTION

O PTICAL eigenvalue communication [1] based on inverse
scattering transform (IST) [2] has been extensively inves-

tigated as a means of overcoming the Kerr nonlinear limit [3]–
[23]. IST has recently become well-known as the nonlinear
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Fourier transform (NFT). Although optical waveforms and fre-
quency spectra change during signal propagation in nonlinear
dispersive fibers, eigenvalues pertaining to the eigenvalue equa-
tion associated with the nonlinear Schrödinger equation (NLSE)
remain invariant. In 1993, Hasegawa and Nyu proposed the first
eigenvalue-based modulation scheme [1]. Recent advancements
in digital coherent technologies have facilitated successful re-
alization of eigenvalue-based communication [6], [7]. Over the
past several years, many studies have been performed concern-
ing use of advanced modulation and transmission techniques
based on eigenvalue communication. Several eigenvalue-based
modulation schemes, such as on–off encoding of multiple eigen-
values [8], [9] and phase-shift keying modulation of the spectral
amplitude for multi-soliton pulses [10], have been proposed to
enhance transmission capacity. In addition, several experimental
demonstrations of eigenvalue transmission have been reported.
Transmission of three eigenvalues located on the imaginary axis
at 1.5-Gb/s has been demonstrated as the first experimental
realization of on–off encoding of multiple eigenvalues [11].
Moreover, using 16APSK on the spectral amplitude, a 24-Gb/s
signal transmission over a 1000-km distance has been experi-
mentally demonstrated [12]. Recently, a 220-Gb/s transmission
via dual-polarization b-modulation has been demonstrated with
a spectral efficiency of 4-b/s/Hz [13].

To facilitate reliable demodulation of eigenvalue-modulated
signals, eigenvalues and their nonlinear spectrum or the scat-
tering coefficient b are detected from received time-domain
signals using IST. Subsequently, a hard decision (HD) with a
linear threshold on the complex eigenvalue plane or b-plane
is performed using the typical method. However, a major con-
cern here is that upon optimization of the decision threshold,
deviations in the eigenvalue and coefficient b due to ampli-
fied noise and fiber loss are not independent and identically
distributed (i.i.d.) with the circular Gaussian process, partic-
ularly in cases involving multi-eigenvalue systems [14], [15].
To facilitate improvement in the received power margin, use
of an additional decision process based on the Euclidian min-
imum distance (MD) has been demonstrated [16]. In addi-
tion, machine learning-based demodulation methods for eigen-
value modulation, such as classification [17]–[20] and equaliza-
tion [21], [22], have been investigated in recent years. Demod-
ulation methods based on time-domain (TD) artificial neural
networks (ANNs) for quadrature phase shift keying (QPSK)
modulation of spectral amplitudes with two eigenvalues and
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on–off encoding of four-eigenvalue modulation have been pro-
posed [17], [18]. TD-ANN-based demodulation is expected to
address above-mentioned concerns, because simulation results
obtained in extant studies have demonstrated the ANN method
to outperform IST- and MD-based methods in terms of the bit
error rate (BER) performance [17]. Moreover, in their extant
study, the authors have experimentally demonstrated successful
TD-ANN-based demodulation of multi-eigenvalue-modulated
signals with on–off encoding [19]. However, although use of
TD-ANN results in realization of a large power margin of 11 dB
when compared against conventional IST+HD-based method,
the former approach requires model training for each transmis-
sion distance considered owing to changes in TD pulses that
occur during transmission. Furthermore, there have been no
studies that discuss the generalization performance of ANN-
based demodulators for eigenvalue-modulated signal.

This paper presents a scheme for demodulating eigenvalue-
modulated signals based on an eigenvalue-domain (ED) ANN to
enhance generalization performance. Feasibility of the proposed
method has been demonstrated via numerical simulations and
experimental data. As an extension of their extant research [20],
the authors, in this paper, have described the demodulation
method in detail along with the numerical investigation of basic
characteristics pertaining to the proposed ED-ANN demodula-
tor. The proposed method involves combined use of IST and
ANN to retain benefits of invariant eigenvalues during trans-
mission without the need for performing model training when
considering different transmission distances. Simulation results
obtained in this study demonstrate that the proposed ED-ANN
demodulator offers higher generalization performance com-
pared to its TD-ANN counterpart in terms of the transmission
distance. Then, we apply the proposed ED-ANN demodulator
to a multi-eigenvalue-modulated signal using on-off encoding
of four eigenvalues, which has a complicated eigenvalue distri-
bution and can take better advantage of the ANN demodulator.
Furthermore, experiments performed in this study demonstrate
successful demodulation of an eigenvalue-modulated signal
with a bit rate of 2.5-Gb/s and BER < 3.8× 10−3 using the
proposed ED-ANN demodulator. Moreover, the trained ANN
demodulator is valid for transmission distances from zero to
3000 km.

This remainder of this paper is organized as follows. Sec-
tion II describes the eigenvalue-modulation method involving
on–off encoding as well as compares the proposed demodulation
against corresponding conventional approaches. Section III dis-
cusses results of numerical simulations performed in this study.
Section IV discusses transmission experiments performed in this
study to demonstrate the feasibility of the proposed method.
Finally, Section V lists major conclusions drawn from this study.

II. EIGENVALUE MODULATION AND DEMODULATION

A. Eigenvalue Modulation Based on On-Off Encoding

The complex envelope amplitude of electric fields propagat-
ing through optical fibers that exhibit anomalous dispersion and
nonlinearity can be approximately expressed using the following

NLSE [24]

i
∂u

∂Z
+

1

2

∂2u

∂T 2
+ |u|2u = 0, (1)

where Z, T , and u(Z, T ) denote normalized values of the prop-
agation distance, time moving with average group velocity, and
complex envelope amplitude of the electric field, respectively.
The eigenvalue equation associated with the above (1) can be
expressed as

i
∂φ1
∂T

+ uφ2 = ζφ1,−i∂φ2
∂T

− u∗φ1 = ζφ2, (2)

where ζ and φl(Z, T ) (l = 1, 2) denote the complex eigenvalue
and eigen functions, respectively. So long as u satisfies (1), ζ
remains invariant with distance Z.

Fig. 1 depicts a block diagram of the eigenvalue modulation–
demodulation scheme based on on–off encoding. The on-off
encoding is based on a one-to-one mapping between an N -
bit input and the subsets of eigenvalues. If the value of the
bit in the j-th position is 1 (or 0), the j-th eigenvalue is
included (or excluded). Although the eigenvalue set is arbi-
trary, spectral efficiency and noise tolerance depend on it. The
said scheme can be explained using an example with N =
4. First, the four information bits are encoded to a complex
eigenvalue pattern; for example, consider bit sequences “1111”
and “0110” to represent eigenvalue patterns of “ζ = {0.25 +
0.5i,−0.25 + 0.5i, 0.25 + 0.25i,−0.25 + 0.25i}” and “ζ =
{−0.25 + 0.5i, 0.25 + 0.25i},” respectively. Subsequently, this
encoded eigenvalue pattern can be mapped onto a pulse using
IST. In this study, pulses were generated using IST with an
N -soliton solution to avoid ill-conditioning problems [23]. The
composed solution u(Z, T ) can be expressed as

u(Z, T ) =

{
−2

∑N
n=1 γ

∗
nχ

∗
n2 exp (−iζ∗nT ) (T < 0)

−2
∑N

n=1 σnψn1 exp (−iζnT ) (T ≥ 0),
(3)

where γn(Z) and σn(Z) denote scattering parameters corre-
sponding to each eigenvalue ζn; χn2(Z, T ) and ψn1(Z, T )
represent eigen functions φl(Z, T ) in (2) that satisfy boundary
conditions corresponding to T → ∞ and T → −∞, respec-
tively. Subsequently, the complex IQ waveform supplied by a
digital–analog converter (DAC) is fed into an IQ modulator
for generating an optical signal. That is, N information bits
are converted to optical pulses containing an on–off pattern of
the N -tuple of eigenvalues. This optical eigenvalue-modulated
signal can now be transmitted over an optical fiber transmission
line.

At the receiver end, the transmitted optical signal is received
by a generic coherent receiver that divides the signal into IQ
components. These coherent-receiver outputs are converted to
their digital form using an analog–digital converter (ADC). Sub-
sequently, the digital signal waveform is divided into individual
pulses, which in turn, are converted to corresponding eigenvalue
patterns by solving the eigenvalue problem (2) in the frequency
domain [7]. The detected eigenvalue pattern is decoded into an
information bit sequence with a decision.



MISHINA et al.: EIGENVALUE-DOMAIN NEURAL NETWORK DEMODULATOR FOR EIGENVALUE-MODULATED SIGNAL 4309

Fig. 1. Block diagram of eigenvalue modulation–demodulation scheme based on on-off encoding of four eigenvalues (N = 4).

Fig. 2. Eigenvalue deviations of representative eigenvalue patterns (N = 4).

For a given decision, it is important to set the classification
boundary accurately. During demodulation, eigenvalues are de-
tected from a pulse via IST—a nonlinear transform. Even if we
assume that deviation of each TD-pulse sampling point caused
by amplified spontaneous emission (ASE) noise is i.i.d. with the
said Gaussian process, deviations of detected eigenvalues are not
i.i.d. with the circular Gaussian process. This is because soliton
pulses consist of multi-sampling points in TD; this induces
interaction of ASE noise when the TD-pulses are converted to
eigenvalues using IST. This is especially true of multi-eigenvalue
systems, wherein eigenvalue deviations bear a correlation with
those of other eigenvalues [14]. Fig. 2 depicts eigenvalue de-
viations of representative eigenvalue patterns (N = 4). In the
figure, white Gaussian noise is added on TD pulse so that the
optical signal-to-noise ratio (OSNR) is 10.2 dB. As can be
observed, eigenvalue deviation depends on eigenvalue position.
Moreover, deviation changes may also be caused depending on
the pattern while the eigenvalue remains at the same position.
This phenomenon indicates that the linear threshold on the
complex eigenvalue plane does not yield an optimum solution.
To address this concern, this paper presents an ED-ANN-based
demodulation method with an optimum nonlinear boundary
plane to classify eigenvalue patterns.

B. ANN-Based Demodulation

Fig. 3 depicts three different demodulation schemes. In the
conventional IST+HD scheme depicted in Fig. 3(a), the received

pulse is converted to an eigenvalue pattern using IST. The
detected eigenvalue pattern is decoded into an information bit
sequence via appropriate setting of linear thresholds on the
complex eigenvalue plane.

In the authors extant study [19], time-series data pertaining to
the received pulse were provided as inputs to ANN and decoded
bit-sequence information was obtained as a direct output, as
illustrated in Fig. 3(b). In particular, IQ components of each
pulse-shape sample point are considered ANN input, and prob-
ability factors of bit sequences corresponding to detected eigen-
value patterns are considered ANN output. The configuration
of the ANN-based demodulator for four eigenvalues (N = 4) is
depicted in Fig. 3 (b). For a 32-sample/pulse sampling rate, the
number of input elements required equals 64 with 32 IQ compo-
nents. The number of output elements equals 16 in accordance
with the number of eigenvalue patterns—i.e., 24 = 16. Because
TD pulses are susceptible to change during transmission, the
TD-ANN demodulator must be trained for each transmission
distance.

Figure 3(c) depicts the proposed demodulation method based
on ED-ANN. In this method, ANN inputs correspond to eigen-
value data converted from TD pulse using IST. The real and
imaginary parts of each eigenvalue are input to ANN, which in
turn, outputs the probability parameter for the bit sequence cor-
responding to detected eigenvalue patterns. Figure 3(c) depicts
the configuration of the proposed ED-ANN demodulator for four
eigenvalues (N = 4). For a sampling rate of 32 sample/pulse,
the number of converted eigenvalues, including continuous spec-
trum, equals 32. There exist 64 input elements comprising 32 real
and imaginary parts each of eigenvalues. The number of output
elements equals 16 corresponding to the number of eigenvalue
patterns (i.e., 24 = 16) similar to TD-ANN.

III. NUMERICAL SIMULATIONS

This section describes numerical simulations applying the
proposed ED-ANN demodulator to eigenvalue modulation.
First, we show demodulation results for 1- and 2-soliton
transmissions using TD- and ED-ANN demodulators to com-
pare their generalization performance on transmission distance.
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Fig. 3. Comparison between three demodulation schemes—(a) Inverse scattering transform (IST) + hard decision (HD) (conventional method); (b) time-domain
artificial neural network (ANN) (previous method), and (c) eigenvalue-domain ANN (proposed method).

Fig. 4. Simulation model used in this study.

Then, demodulation results for on-off encoding of four eigenval-
ues are demonstrated to reveal the applicability and advantages
of ED-ANN compared with the conventional IST+HD method.

A. Simulation Model

Fig. 4 illustrates the simulation model used in this study. For
eigenvalue modulation, we prepared three modulated signals
using on-off encodings of 1, 2, and 4 eigenvalues (N = 1, 2, 4).
The mapping rules between bit sequences and eigenvalue subsets
are summarized in Table I. A parameter value of Z = −8 and a
normalized time window width of 32 (−16 ≤ T ≤ 16) were
considered in (3) for the eigenvalue-modulated signal at the
transmitter. Modulation was performed at 10 Gsample/s with
a pulse duration of 1.6 ns. The bit rates were 0.625, 1.25,
and 2.5 Gb/s for N = 1, 2, and 4, respectively. To facilitate
transmission simulation, the nonlinear Schrödinger equation
was numerically solved using the split-step Fourier method [25].
The transmission loop comprised a 50-km non-zero dispersion-
shifted fiber (NZ-DSF) along with an Er-doped fiber amplifier
(EDFA) with noise figure (NF) of 5 dB. Parameter values
concerning NZ-DSF included dispersion D = 4.4 ps/nm/km,

dispersion slope S = 0.046 ps/nm2/km, nonlinear coefficient
γ = 2.1 W−1/km, and 0.2-dB/km fiber loss. The input signal
powers were set to −13.7 dBm (N = 1), −9.0 dBm (N = 2),
and −6.3 dBm (N = 4), which corresponded to the calculated
ideal average power for eigenvalue modulation. At the receiver
end, signals were demodulated using (a) conventional IST+HD,
(b) TD-ANN, or (c) ED-ANN demodulator at 20-Gsample/s
sampling rate. White Gaussian noise was added to eigenvalue-
modulated signal in TD when evaluating BER. Ideal frequency
characteristics were assumed for both the transmitter and re-
ceiver with the exception of Bessel filtering at the transmitter
end.

The ANN configuration and parameters for the demodulation
are described in Section II. We used a three-layer perceptron
configuration and a rectified linear unit activation function. The
number of hidden units of TD-ANN was set to 128 [18]. We
set the number of hidden units of ED-ANN to 256, which is
discussed in Section IV. The number of output units of TD-
and ED-ANNs were 2, 4, and 16 for N = 1, 2, 4, respectively.
The soft max and cross-entropy error functions was considered
output and loss functions, respectively. We prepared two random
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TABLE I
MAPPING RULES BETWEEN BIT SEQUENCES AND EIGENVALUE SUBSETS

pulse sequences of 10 000 pulses for the training and 52 250
pulses for the validation and BER tests, respectively. The ANN
was trained using the Adam optimizer [26] available within
the MATLAB R2020a Deep Learning Toolbox. The said Adam
optimizer was configured using step sizeα = 0.001, exponential
decay rates β1 = 0.9 and β2 = 0.999, and coefficient ε = 10−8.
Training data were uniformly extracted from available datasets
with OSNR values in the−10–10 dB,−5–15 dB, and−2–17 dB
ranges for N = 1, 2, 4, respectively. To avoid over-fitting, the
training was terminated when the validation result (obtained
once every 50 epochs) ceased to improve [27]. For the conven-
tional demodulation method IST+HD, the linear threshold on
complex eigenvalue plane was decided by maximum a posteriori
(MAP) estimation assuming that each eigenvalue deviation is
i.i.d. with the Gaussian process. The training data sets for the
MAP estimation were extracted in the same way as the ANN
demodulator.

B. Simulation Results

1) One and Two Eigenvalues (N = 1, 2): The on-off encod-
ing of one eigenvalue (N = 1) corresponds to the on-off keying
of the fundamental soliton. In this case, the TD-ANN does
not require training for each transmission distance because the
pulse shape of the fundamental soliton is invariant during the
transmission, as shown in Fig. 5(a). On the other hand, the mod-
ulated signal using on-off encoding of two eigenvalue (N = 2)
includes 2-soliton. The pulse shape of the 2-soliton changes

during transmission, as shown in Fig. 5(a). Therefore, TD-ANN
needs training for each transmission distance for multi-soliton
transmission systems.

Fig. 6 shows the BER curves of one and two eigenvalue-
modulated signals (N = 1, 2) using TD- and ED-ANN demod-
ulators trained for a fixed transmission distance of 3000 km.
ForN = 1, TD-ANN can demodulate the eigenvalue-modulated
signals of different transmission distances. However, TD-ANN
is not valid for the eigenvalue-modulated signal when N = 2,
including multi-soliton systems. On the other hand, ED-ANN
can deal with multi-soliton systems in the case ofN = 2 regard-
less of the transmission distance because the eigenvalue patterns
are invariant during transmission, as shown in Fig. 5(b).

2) 4 Eigenvalues (N = 4): Fig 7(a) depicts BER curves
for back-to-back (B-to-B) operation. As can be observed, the
proposed ED-ANN demodulator outperforms the conventional
IST+HD method by a power margin of 1.0 dB at a BER of 3.8×
10−3 by assuming HD forward-error correction (FEC) limit.
This is better compared to the conventional IST+HD method be-
cause the Euclidean distance in the 64-dimensional space of a 64-
input ANN exceeds that in the two-dimensional complex eigen-
value plane considered in the conventional IST+HD method.
The TD-ANN demodulator demonstrates superior B-to-B BER
performance because the effect of noise in discrete ED exceeds
that in TD. Fig. 7(b) and (c) depict the BER curves before
and after transmission when using the TD- and ED-ANN-based
demodulators trained for each transmission distances. After
5000-km transmission, occurrence of a large power penalty due
to inter-symbol interference can be observed when employing
TD-ANN. However, using the ED-ANN demodulator demon-
strated successful demodulation with negligible power penalty
when transmitting signals over 5000 km.

Fig. 7(d) and (e) depict BER curves obtained when using
TD- and ED-ANN demodulators trained for a fixed transmis-
sion distance of 3000-km. Fig. 8 depicts received pulses and
eigenvalue patterns detected by IST as representative patterns.
The said pulses and eigenvalue patterns are plotted using 100
representative samples with OSNR values of approximately
16 dB. As observed in the TD-ANN case, as shown in Fig. 7(d),
it is difficult to demodulate signals received over different trans-
mission distances as well as in the case forN = 2. In contrast, as
depicted in Fig. 7(d), the ED-ANN demodulator can easily deal
with received signals transmitted over 5000 km even in the case
for N = 4 owing to conservation of eigenvalue patterns during
transmission, as illustrated in Fig. 8(b).

IV. EXPERIMENTS

A. Experimental Setup

Fig. 9 depicts the experimental setup used in this study
comprising an offline ANN-based receiver. For eigenvalue mod-
ulation, the same eigenvalue subsets comprising four optical
eigenvalues (N = 4) and initial parameters described in Sec-
tion III were considered. An eigenvalue-modulated signal was
generated using an offline digital signal processor (DSP). For
the said eigenvalue-modulated signal, 62 250 random pulses
were generated using the Mersenne twister algorithm. The set
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Fig. 5. (a) Received pulses and (b) detected eigenvalue patterns of one and two eigenvalue-modulated signals (N = 1, 2) before and after NZ-DSF transmission.

Fig. 6. BER curves of one and two eigenvalue-modulated signals (N = 1, 2) when using TD- and ED-ANN demodulators trained for fixed distance (3000 km).

pulse duration and resulting bit rate equaled 1.6 ns and 2.5 Gb/s,
respectively. The optical signal was generated using an arbitrary
waveform generator (AWG) and an IQ modulator. The said
AWG operated at 10-Gsample/s sampling rate. Generated op-
tical signals were launched into a transmission loop after signal
amplification and trimming performed using an EDFA and an
acoustic optical modulator (AOM) switch. The transmission
loop comprised a 50-km NZ-DSF, EDFA, optical bandpass fil-
ter (OBPF), variable optical attenuator (VOA), and AOM switch.
Parameter values concerning NZ-DSF were maintained identical
to those considered during numerical simulations discussed in
Section III. The input power was set to −3.0 dBm, which was
adjusted average power of 62 250 pulses with due consideration
of the loop loss, connection loss, and amplified spontaneous
emission (ASE) noise from EDFA. The ASE noise source before
the receiver was used when measuring BER curves.

At the receiver end, signals were analog–digital converted
using a digital storage oscilloscope (DSO) operated at 40-
Gsample/s sampling rate. The required digital signal processing
for demodulation was performed offline at 20-Gsample/s sam-
pling rate after downsampling acquired data. The ANN con-
figuration and demodulation parameter values were maintained
identical to those described in Section III. Training data were

uniformly extracted from available data sets with OSNR values
between −2 and 17 dB. We used two different random pulse
sequences of 10 000 pulses for the training and 52 250 pulses
for the validation and BER tests, respectively.

B. Experimental Results

Fig. 10 depicts BER curves obtained in this study by per-
forming loop-transmission experiments employing different de-
modulation methods and training conditions. As observed, ex-
perimentally obtained BER results are worse compared to those
obtained via numerical simulations under all conditions. This is
because optical signals generated for use during experiments
performed in this study differ from ideal signals considered
during simulations owing to bandwidth limitation and nonlinear
distortion by optical transmitter. Fig. 11 depicts received signal
pulses and eigenvalue patterns detected by IST for representative
patterns. The said pulses and eigenvalue patterns are plotted
using 100 representative samples with OSNR values of approxi-
mately 16 dB. As can be realized, compared to simulation results
(Fig. 8), experimental data reveal a shift in eigenvalue position.
Moreover, observed trends concerning the said eigenvalue shift
depend on the eigenvalue position and pattern. Fig. 10(a) depicts
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Fig. 7. BER curves by simulation for N = 4. (a) B-to-B; (b) TD-ANN trained for each distance; (c) ED-ANN trained for each distance; (d) TD-ANN trained
for fixed distance (3000 km); (e) ED-ANN trained for fixed distance (3000 km).

Fig. 8. (a) Representative received pulses and (b) detected eigenvalue patterns for N = 4 before and after NZ-DSF transmission.

BER curves for B-to-B operation, during which the ED-ANN
demodulator outperforms its conventional IST+HD counterpart
by a large power margin of 3.7 dB at BER of 3.8× 10−3

assuming HD-FEC. Based on this results, it can be inferred
that nonlinear eigenvalue shifts caused by optical transmitters
emphasize BER improvement realized via use of ED-ANN
demodulators. Furthermore, the TD-ANN demodulator achieves
much better BER during B-to-B operation than the ED-ANN
demodulator, as confirmed by both simulation and experimental
results. Fig. 10(b) and (c) depicts BER curves before and after
transmission when using the TD- and ED-ANN demodulators

trained for different transmission distances. As can be observed,
both TD-ANN and ED-ANN demodulators demonstrated occur-
rence of an power penalty at transmission distances exceeding
4000 km. Successful demodulation when transmitting over a
3000-km distance with BER < 3.8× 10−3 can be confirmed
for both TD- and ED-ANN demodulator cases. As illustrated in
Fig. 11(b), eigenvalue patterns were conserved over the 3000-km
distance. However, changes in eigenvalue position were found to
exceed those observed during B-to-B operation and transmission
over 2000-km distance. Compared to simulation results, experi-
mentally obtained eigenvalue patterns demonstrated occurrence
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Fig. 9. Experimental setup used in this study.

Fig. 10. BER curves obtained via loop-transmission experiments—(a) B-to-B operation; (b) TD-ANN trained for arbitrary transmission distance; (c) ED-ANN
trained for arbitrary transmission distance; (d) TD-ANN trained for fixed transmission distance (3000 km); (e) ED-ANN trained for fixed transmission distance
(3000 km); (f) eigenvalue-domain ANN trained with data for all 3 distances.

of severe distortion over shorter transmission distances. This
could be attributed to not only the nonlinear distortion caused by
the transmitter but also the effect of polarization mode dispersion
and non-optimal input power supplied to the recirculating trans-
mission loop. The optimum average input power to maintain
constant eigenvalues depends on the number of loops required
for signal transmission owing to accumulation of ASE noise
from EDFA within recirculating transmission loops.

Fig. 10(d) and (e) depict BER curves obtained when employ-
ing trained TD- and ED-ANN for a fixed distance of 3000 km.
As illustrated in Fig. 10(d), the TD-ANN demodulator struggles
to demodulate the received signal for the different transmission

distance owing to changes in the TD-pulse shape during signal
transmission, as depicted in Fig. 11(a). In contrast, as shown in
Fig. 10(e), the ED-ANN demodulator can deal with received
signal transmitted over both 2000- and 3000-km distances.
Simulation results demonstrated better generalization perfor-
mances compared to experimental results owing to suppression
of eigenvalue shifts during simulations due to generation of ideal
signals sans nonlinear distortion as well as supply of optimum
input power to the transmission loop. Fig. 10(f) depicts BER
curves obtained using the ED-ANN demodulator trained using
10 000 data samples for each of the three distances of zero
(i.e., B-to-B), 2000 km, and 3000 km. Realization of a BER
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Fig. 11. (a) Representative pulses received and (b) detected eigenvalue patterns before and after NZ-DSF transmission.

Fig. 12. Representative detected eigenvalue patterns during B-to-B operation
with changing sampling rate.

result under the FEC limit for each distance between zero and
3000 km confirms the validity of trained ANN demodulators for
transmission distances within the specified range.

C. Hyperparameters

Demodulation results obtained using an ANN-based demod-
ulator depend on several hyperparameters, such as the number
of input units, hidden units, and hidden layers. These hyper-
parameters can be discussed based on above-described exper-
imental results. The number of input units is governed by the
sampling rate. Fig. 12 depicts representative detected eigenvalue
patterns during B-to-B operation with changing sampling rate.
Fig. 13 shows spectra of representative patterns corresponding
to those shown in Fig. 12. When the sampling rate equals 8
sample/pulse, a large shift in eigenvalue position is observed by
limiting the bandwidth under the undersampling condition. In
this case, the detected eigenvalue pattern changes depending
on the transmission distance because the spectrum changes
during transmission. This, in turn, results in degradation of
the generalization performance of the ED-ANN demodulator.
Therefore, a sufficiently high sampling rate of 32 sample/pulse
was considered in this study by setting the number of input units
to 64 to investigate the potential for generalization-performance
enhancement in this study.

Fig. 14 depicts OSNR values at the FEC limit (BER= 3.8×
10−3) as a function of the number of hidden units. The ANN

Fig. 13. Spectra of representative patterns during B-to-B operation.

Fig. 14. OSNR values at FEC limit as a function of varying the number of
hidden units.

training was performed using training data set for the three
distances of zero, 2000 km, and 3000 km. The larger the number
of hidden units, the more stable and lower the required OSNR
was observed to be. From this result, 256 or 512 hidden units
were considered sufficient in this study to cover all transmission
distances of the eigenvalue-modulated signal.

Fig. 15 depicts OSNR values at the FEC limit as a function of
the number of hidden layers. The number of hidden units of each
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Fig. 15. OSNR values at FEC limit as a function of varying the number of
hidden layers.

hidden layer was 256. No hidden layers (“0”) means a linear clas-
sification of logistic regression in Fig. 15. The required OSNR
was improved owing to a nonlinear classification by inserting
hidden layers. However, we cannot see a clear improvement
when increasing the number of hidden layers. One nonlinear
hidden layer is enough to classify the eigenvalue patterns in this
study.

V. CONCLUSION

This paper presents an eigenvalue-domain ANN-based de-
modulation scheme for optical eigenvalue-modulated signals
meant for a large range of transmission distances. The utility
of the proposed scheme has been demonstrated via both nu-
merical simulations and experimental results. As observed, the
proposed ED-ANN demodulator outperforms the conventional
IST+HD demodulator by a large power margin of 3.7 dB during
experiments. Furthermore, results of this study confirm realiza-
tion of successful optical signal demodulation transmitted over
distances between zero and 3000 km without the need for model
training for each transmission distance. Thus, the findings of this
study reveal the potential of ED-ANN demodulators to cover a
large distance range in the point of generalization performance.
To increase transmission capacity and spectral efficiency, the
concept of the ED-ANN receiver is expected to be applied to
further advanced eigenvalue modulation such as higher mul-
tilevel of on-off encoding, eigenvalue position encoding, and
b-modulation in the near future.
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